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ABSTRACT 


Title  of  Dissertation:  Nerve  Agent  Induced  Status  Epilepticus:  From  Seizure  Onset  to 

Long  Lasting  Pathology 

By 

Eric  M.  Prager,  Doctor  of  Philosophy,  2014 

Thesis  directed  by:  Dr.  Maria  F.M.  Braga,  D.D.S.,  Ph.D., 

Professor,  Department  of  Anatomy,  Physiology,  and  Genetics, 
Department  of  Psychiatry,  Program  in  Neuroscience 

The  recent  use  of  chemical  nerve  agents  in  Syria  left  countless  civilians  to  deal 

with  possible  health  consequences,  including  the  development  of  anxiety  disorders. 

Anxiety  disorders  were  among  the  most  debilitating  neuropsychiatric  symptoms  reported 

by  victims  of  the  Japan  sarin  attack,  more  than  a  decade  after  exposure.  Nerve  agents  are 

powerful  neurotoxins  that  irreversibly  inhibit  acetylcholinesterase  (AChE)  activity.  This 

leads  to  the  generation  of  seizures,  status  epilepticus  (SE),  resulting  in  brain  damage  and 

long-term  behavioral  deficits.  Uncovering  the  neuro-pathophysiological  mechanisms 

underlying  the  development  of  seizures  and  the  subsequent  anxiety  disorders  observed 

after  nerve  agent  exposure  is  necessary  for  developing  successful  treatments.  Towards 

this  goal,  we  examined  AChE  activity  in  three  brain  regions  critically  involved  in  nerve 

agent  induced  SE  after  subcutaneous  injection  of  the  nerve  agent  soman.  Following  the 

administration  of  soman,  we  observed  that  AChE  activity  was  significantly  reduced  in  the 
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hippocampus,  piriform  cortex,  and  basolateral  amygdala  (BLA)  of  rats  that  developed 
SE.  In  addition,  animals  that  developed  seizures  went  on  to  have  significant  neuronal  loss 
and  neurodegeneration  after  SE.  In  marked  contrast,  AChE  activity  was  not  inhibited  in 
the  BLA  of  animals  that  did  not  develop  SE,  even  though  AChE  activity  was  reduced  in 
the  hippocampus  and  piriform  cortex  of  these  same  animals.  In  addition,  these  animals 
did  not  display  any  neuropathology  7  days  after  SE.  These  results  indicate  that  AChE 
inhibition  in  the  BLA  is  necessary  for  the  generation  of  seizures  in  response  to  nerve 
agent  exposure  and  that  only  in  animals  that  develop  seizures  will  neuropathology  and 
behavioral  deficits  ensue. 

The  BLA  is  known  to  play  a  major  role  in  anxiety-like  behavior  and  associated 
disorders.  To  identify  the  mechanisms  underlying  the  development  of  anxiety  disorders 
after  a  nerve  agent  exposure  we  examined  neuropathological  and  pathophysiological 
alterations  to  the  BLA  during  a  30-day  period  after  soman  exposure.  Significant  neuronal 
loss  and  neurodegeneration  was  observed  in  the  BLA  at  24  hours  post  soman  exposure. 
By  day  7,  the  number  of  GABAergic  intemeurons  in  the  BLA  were  reduced  by  ~46%  and 
by  14-days,  an  increase  in  anxiety-like  behavior  was  evident.  The  loss  of  GABAergic 
intemeurons  led  to  deficits  in  inhibitory  synaptic  transmission  as  determined  by  whole¬ 
cell  patch  clamp  recordings.  Moreover,  activation  of  a7-nicotinic  acetylcholine  receptors, 
a  cholinergic  receptor  that  participates  in  the  regulation  of  BLA  excitability  and  is 
involved  in  anxiety,  was  less  effective  in  increasing  spontaneous  inhibitory  postsynaptic 
currents  (sIPSCs)  in  soman-exposed  rats.  Despite  the  loss  of  both  intemeurons  and 
principal  cells,  the  frequency  of  sEPSCs  was  increased  in  the  soman-exposed  rats.  Thus, 
impaired  function  of  the  GABAergic  system  and  impaired  modulation  by  a  7 -nicotinic 


acetylcholine  receptors,  along  with  an  increase  in  excitatory  neurotransmission,  may 
explain  the  development  of  anxiety  disorders  after  nerve  agent  exposure. 
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after  soman  exposure.  (A)  Panoramic  photomicrographs  of  Nissl-stained 
sections  of  half  hemispheres,  outlining  the  BLA  and  the  CA1  hippocampal 
subfield  where  stereological  analysis  was  performed  (red  highlight).  (B) 
Representative  photomicrographs  of  Nissl-stained  sections  showing  BLA  and 
CA1  cells  from  a  control  rat,  a  SE  rat,  and  a  no-SE  rat.  Total  magnification  is  63x 
and  scale  bar  is  50  pm.  (C)  Group  data  of  stereological  estimation  of  the  total 
number  of  Nissl-stained  neurons  in  the  BLA  (left)  and  CA1  (right),  expressed  as 
percent  of  the  control  (n  =  6).  Significant  neuronal  loss  was  present  in  SE  rats 
(n  =  5),  while  there  was  no  neuronal  loss  in  the  no-SE  rats  (n  =  5);  ***p  <  0.001. 

. 57 

Figure  6  Neuronal  degeneration  in  rats  that  developed  SE  versus  rats  that  did  not 
develop  SE  after  soman  exposure.  (A)  and  (B)  Panoramic  photomicrographs  of 
Nissl-stained  sections  showing  the  brain  regions  from  where  the  FJC 
photomicrographs  shown  in  C  were  taken.  (C)  Representative 
photomicrographs  of  FJC-stained  sections  from  the  brain  regions  where 
neuronal  degeneration  was  evaluated,  for  the  SE  and  the  no-SE  groups.  Total 
magnification  is  lOOx  and  scale  bar  is  50  pm.  (D)  Neurodegeneration  scores  for 
the  amygdala  (Amy),  piriform  cortex  (Pir),  entorhinal  cortex  (Ent),  CA1  and 
CA3  hippocampal  subfields,  hilus,  and  neocortex  (neo-Ctx),  in  the  SE  group  and 

the  no-SE  group  (n  =  5  for  each  group) . 58 

Figure  7  Time  course  of  the  recovery  of  AChE  activity  after  soman-induced  status 
epilepticus  (SE).  AChE  activity  was  reduced  by  more  than  90%  in  all  four  brain 
regions  at  the  onset  of  SE  (n  =  7),  as  well  as  at  24  hours  later  (n  =  11).  At  7  days 
post-exposure  (n  =  11),  AChE  activity  had  recovered  in  the  BLA,  while  at  14 
days  (n  =  10)  and  30  days  (n  =  12)  post-exposure,  it  was  not  significantly 
different  from  the  control  levels  in  all  4  brain  regions.  **p  <  0.01;  ***p  <  0.001 

compared  to  the  controls  (Welch  F  ANOVA  with  Games-Howell  post  hoc) . 79 

Figure  8  Time  course  of  neuronal  degeneration  in  the  BLA  after  soman-induced  SE. 
A,  B.  The  BLA  region  where  neuronal  degeneration  was  assessed.  In  A,  the 
drawings  are  from  Paxinos  and  Watson  (2005),  while  in  B  the  BLA  is  outlined 
on  FJ-C  stained  sections.  C.  Representative  photomicrographs  of  FJC-stained 
sections,  at  24-hours,  7-,  14-,  and  30-days  after  soman  exposure.  Rows 
correspond  to  the  coordinates  shown  in  B.  Total  magnification  is  20x.  Scale  bar, 
250  pm.  D.  Quantitative  assessment  of  the  extent  of  neurodegeneration  at  24- 
hours  (n  =  4),  7-  (n  =  6),  14-  (n  =  4),  and  30  days  (n  =  5)  after  soman  exposure. 
Values  are  mean  ±  SEM  number  of  cells  counted  in  the  BLA  from  both 
hemispheres.  **p  <  0.01,  ***p  <  0.001  (One-Way  ANOVA  with  Tukey  post  hoc). 
. 80 
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Figure  9  Time  course  of  neuronal  loss  in  the  BLA  after  soman-induced  SE.  A. 

Panoramic  photomicrograph  of  a  Nissl-stained  section  from  half  hemisphere, 
outlining  the  BLA  where  stereological  analysis  was  performed  (red  highlight). 

B.  Representative  photomicrographs  of  Nissl-stained  sections  showing  BLA 
cells  from  a  control  rat  and  from  soman-exposed  rats,  analyzed  at  24-hours,  7-, 
14-  and  30-days  after  exposure.  Total  magnification  is  63x  and  scale  bar  is  50 
pm.  C.  Group  data  of  stereological  estimation  of  the  total  number  of  Nissl- 
stained  neurons  in  the  BLA,  expressed  as  percent  of  the  control  group  (n  =  11). 
Significant  neuronal  loss  was  present  in  rats  at  24  hours  (n  =  5),  7  days  (n  =  6), 
14  days  (n  =  5),  and  30-days  (n  =  6)  after  soman  exposure.  There  were  no 
differences  in  the  extent  of  neuronal  loss  among  the  24-hour,  7-,  14-,  and  30- 

day  groups;  ***p  <  0.001  (One-Way  AN  OVA  with  Dunnett's  T  post  hoc) . 81 

Figure  10  Delayed  loss  of  GABAergic  interneurons  in  the  BLA  after  soman-induced 
SE.  A.  Panoramic  photomicrograph  of  an  immunohistochemically-stained 
section  for  GAD-67  (BLA  is  outlined  in  white).  B.  Representative 
photomicrographs  of  GABAergic  interneurons  in  the  BLA  from  a  control  rat  and 
from  soman-exposed  rats,  analyzed  at  24-hours,  7-,  14-  and  30-days  after 
exposure.  Total  magnification  is  630x;  scale  bar,  50  pm.  C.  Group  data  showing 
the  mean  and  standard  error  of  the  stereologically  estimated  total  number  of 
GAD-67-positive  cells  in  the  BLA.  D.  Group  data  showing  the  mean  and  standard 
error  of  the  ratio  of  GABAergic  interneurons  to  the  total  number  of  neurons.  *p 
<  0.05,  **p  <  0.01,  ***p  <  0.001  (Welch  F  AN  OVA  with  Games-Howell  post  hoc 

and  one-way  ANOVA  with  Dunnett's  T  post  hoc) . 83 

Figure  11  Exposure  to  soman  causes  long-lasting  increases  in  anxiety-like  behavior, 
as  measured  by  the  open  field  and  acoustic  startle  response  (ASR)  tests.  A. 
Soman-exposed  rats  spent  significantly  less  time  in  the  center  of  the  open  field, 
at  14  and  30  days  after  exposure,  compared  to  control  rats.  B.  Exposure  to 
soman  significantly  increased  the  amplitude  of  the  ASR  to  both  the  110  and  120 
dB  startle  stimuli,  at  14  and  30  days  after  exposure,  compared  to  controls. 

There  were  no  significant  differences  between  the  14-  and  30-day  groups.  *p  < 

0.05,  **p  <  0.01;  n  =  17  (One-Way  ANOVA  with  Dunnett's  T  post  hoc) . 85 

Figure  12  Alterations  in  the  BLA  field  potentials  after  soman-induced  SE.  A  to  E 
show  representative  field  potentials  evoked  in  the  BLA  by  paired-pulse 
stimulation  of  the  external  capsule,  from  control  rats  (n  =  9)  and  soman- 
exposed  rats,  at  24-hours  (n  =  9),  7  days  (n  =  9),  14  days  (n  =  10),  and  30  days 
(n  =  11)  after  exposure;  each  trace  is  an  average  of  10  to  15  sweeps.  In  the 
soman-exposed  rats,  higher  stimulus  intensities  were  necessary  to  evoke  field 
potentials  compared  to  controls,  the  duration  of  the  field  potentials  was 
prolonged  (notice  the  decay  of  the  waveforms),  and  the  paired-pulse  ratio  was 
significantly  increased  (F).  **p  <  0.01  (One-Way  ANOVA  with  Dunnett's  T  post 

hoc) . 87 

Figure  13  Effects  of  soman  exposure  on  Long-Term  Potentiation  in  the  BLA.  The 
plots  show  the  time  course  of  the  changes  in  the  amplitude  of  the  field 
potentials  after  high-frequency  stimulation  (HFS).  The  amplitude  of  the  3 
responses  recorded  in  each  min  (stimulation  at  0.05  Hz)  was  averaged,  and 
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each  data  point  on  the  plots  is  the  mean  and  standard  error  of  these  averages, 
from  7  to  10  slices  (see  sample  sizes  in  the  text).  Traces  over  the  plots  are 
examples  from  a  control  rat  and  from  soman-exposed  rats  studied  at  the 
indicated  time-point  after  exposure;  the  superimposed  field  potentials  are  a 
baseline  response  and  a  response  at  50  to  60  min  after  HFS  (each  trace  is  the 
average  of  10  to  15  sweeps).  Potentiation  of  the  responses,  measured  at  50  to 
60  min  after  HFS,  was  significantly  lower  -  compared  to  the  control  group  -  at 
24  hours,  7  days  and  14  days  post-exposure,  but  not  at  30  days  post-exposure. 

. 89 

Figure  14  Exposure  to  soman  reduces  the  frequency  and  amplitude  of  GABAa 

receptor  mediated  spontaneous  IPSCs.  Recordings  are  from  BLA  principal  cells 
at  a  holding  potential  of  +30  mV  and  internal  chloride  concentration  of  10  mM. 
(A)  Representative  traces  of  sIPSCs  recorded  from  BLA  pyramidal  cells  in  slices 
obtained  from  control  animals  and  from  animals  at  24  hours  and  14  days  after 
soman  exposure.  (B)  Significant  decreases  in  the  frequency  of  sIPSCs  was 
observed  at  24  hours  (n  =  18;  6.63  ±  0.88  Hz;  P  <  0.001)  and  14  days  (n  =  24; 
7.78  ±  0.58  Hz;  P  =  0.001)  after  soman  exposure  compared  to  controls  (n  =  20; 
11.35  ±  0.61  Hz).  (C)  Cumulative  probability  amplitude  distributions  of  sIPSCs. 
The  mean  amplitude  of  sIPSCs  was  significantly  reduced  at  24  hours  (47.39 
±  2.91  pA;  P  =  0.005)  and  14  days  (49.06  ±  3.52  pA;  P  =  0.005)  after  exposure 
compared  to  controls  (75.51  ±  9.20  pA).***P<  0.001  (One-way  ANOVA  with 

Tukey  post  hoc) . 104 

Figure  15  Exposure  to  soman  reduces  the  frequency  but  not  the  amplitude  of  GABAa 
receptor  mediated  miniature  IPSCs.  Recordings  are  from  BLA  principal  cells  at 
a  holding  potential  of +30  mV  and  internal  chloride  concentration  of  10  mM. 

(A)  Representative  traces  of  mIPSCs  recorded  from  BLA  pyramidal  cells,  in 
slices  obtained  from  control  animals  and  from  animals  at  24  hours  and  14  days 
after  soman  exposure.  (B)  A  significantly  lower  frequency  of  mIPSCs  was 
observed  at  24  hours  (n  =  17;  3.19  ±  0.24  Hz;  P<  0.001)  and  14  days  (n  =  24; 
4.75  ±  0.28  Hz;  P  <  0.001)  after  exposure,  compared  to  controls  (n  =  20;  7.41 
±  0.47  Hz).  (C)  Cumulative  probability  amplitude  distributions  of  mIPSCs.  ***P 

<  0.001  (One-way  ANOVA  with  Tukey  post  hoc) . 106 

Figure  16  Exposure  to  soman  impairs  the  aynAChR-mediated  enhancement  of 
spontaneous  inhibitory  synaptic  transmission.  Recordings  are  from  BLA 
principal  cells  at  a  holding  potential  of  +30  mV  and  internal  chloride 
concentration  of  10  mM.  (A)  Bath  application  of  choline  chloride  (5  mM) 
increased  the  frequency  and  amplitude  of  sIPSCs  in  control  slices,  as  well  as  in 
slices  obtained  from  animals  at  24  hours  and  14  days  after  soman  exposure.  (B) 
The  increase  in  the  charge  transferred  by  sIPSCs  upon  application  of  choline 
chloride  was  significantly  lower  at  24  hours  after  soman  exposure  (n  =  16  ,P< 
0.001)  and  14  days  after  exposure  (n  =  22,  P  =  0.032)  compared  to  the  controls 
(n  =  17).  (C)  Cumulative  probability  amplitude  distributions  of  sIPSCs  in  the 
presence  of  choline.  The  mean  amplitude  of  sIPSCs  was  significantly  reduced  at 
24  hours  (P  =  0.037),  but  not  at  14  days  (P=  0.938)  after  exposure,  compared 
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to  controls.  *P  <  0.05;  ***P  <  0.001  (One-way  ANOVA  with  DunnettT  post  hoc]. 

. 108 

Figure  17  The  a7-nAChR-mediated  enhancement  of  spontaneous  excitatory  synaptic 
transmission  is  not  impaired  after  soman  exposure.  Recordings  were  obtained 
from  principal  neurons  at  a  holding  potential  of -58  mV  and  internal  chloride 
concentration  of  1  mM.  (A-C)  Bath  application  of  choline  chloride  (5  mM] 
induced  a  transient  increase  in  the  frequency  and  amplitude  of  both  sIPSCs 
(outward  currents]  and  sEPSCs  (inward  currents].  (D)  The  charge  transferred 
by  sEPSCs  during  choline  application  was  not  significantly  altered  at  24  hours 
or  14  days  after  soman  exposure  compared  to  controls.  (E]  The  charge 
transferred  by  sIPSCs  was  significantly  reduced  at  24  hours  (n  =  16;  P  =  0.017] 
and  14  days  (n  =  14;  P  =  0.002]  after  soman  exposure  compared  to  controls  (n  = 

12].*P<  0.05;  **P<  0.01  (One-way  ANOVA  with  DunnettT  post  hoc) . 110 

Figure  18  Spontaneous  excitatory  synaptic  transmission  is  increased  after  soman 
exposure.  Recordings  were  obtained  from  principal  neurons  at  a  holding 
potential  of  -58  mV  and  internal  chloride  concentration  of  1  mM.  (A)  The 
frequency  of  sEPSCs  was  greater  at  24  hours  (P<  0.001;  n  =  16)  and  14  days  (P 
=  0.04;  n  =  14)  after  soman  exposure,  compared  to  controls  (n  =  28).  (B) 
Amplitude-frequency  histograms  showing  the  effects  of  soman  on  sEPSCs,  at  24 
hours  (n  =  16)  and  14  days  (n  =  14)  after  exposure,  compared  to  controls  (n  = 
28).  *P<  0.05;  **P<  0.01;  ***p<  0.001  (One-way  ANOVA  with  DunnettT  post 

hoc) . 112 

Figure  19  Summary  of  mechanisms  involved  with  the  onset  of  nerve  agent  induced 
seizures  and  pathophysiological  alterations  after  status  epilepticus.  (A) 
Excitation  within  the  BLA  is  tightly  regulated  by  GABAergic  inhibition  (blue 
neurons,  red  circles).  ACh  (green  circles)  released  from  cholinergic  fibers  in  the 
basal  forebrain  synapse,  in  part,  on  aynAChRs.  While  activation  of  aynAChRs 
enhances  both  excitation  (1)  and  inhibition  (2),a7-nAChR  mediated 
enhancement  of  GABAergic  inhibition  predominates  (see  Appendix  1).  Nerve 
agent  exposure  rapidly  and  irreversibly  inhibits  AChE,  leading  to  an 
accumulation  of  ACh  at  the  synapse  and  hyperstimulation  of  cholinergic 
receptors.  SE  onset  occurs  only  after  AChE  is  sufficiently  inhibited  in  the  BLA, 
leading  to  hyperstimulation  of  mAChR  and  nAChR,  and  subsequent  neuronal 
depolarization;  a7-nAChRs  rapidly  desensitize  and  reduce  <X7-nAChR  mediated 
enhancement  of  inhibitory  synaptic  transmission.  SE  is  sustained  and 
reinforced  when  excessive  glutamate  (gold  circles)  is  released,  subsequently 
causing  hyperstimulation  of  glutamate  rgic  receptors  (e.g.,  AMPA,  NMD  A, 
kainate  receptors).  (B)  Within  24  hours  of  SE  onset,  approximately  35%  of 
neurons  die  in  the  BLA  and  within  7  days  of  SE  46%  of  GABAergic  interneurons 
die.  07-nAChR  mediated  enhancement  of  excitatory  transmission  remains 
unchanged  (1),  buta7-nAChR  mediated  inhibitory  synaptic  transmission  is 
reduced,  likely  because  of  the  loss  of  GABAergic  interneurons  and  not  because 
of  alterations  to  receptor  activation  (2).  Reduced  GABAergic  inhibition,  and 
deficits  to  mechanisms  that  modulate  GABAergic  inhibition,  subsequently 
dysregulate  the  tight  control  GABAergic  inhibition  has  over  excitation  in  the 
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BLA;  reduced  GABAergic  inhibition,  leads  to  significant  increases  in  excitatory 
synaptic  transmission  and  subsequently  BLA  hyperexcitability,  which  may 

manifest  as  anxiety  disorders . 135 

Figure  20  a7-nAChRs  are  present  on  BLA  interneurons.  Recordings  were  obtained 
from  electrophysiologically  identified  interneurons  in  the  BLA,  in  the  presence 
of  a-conotoxin  AulB  (1  pM),  DHRE  (10  pM),  atropine  sulfate  (0.5  pM),  D-AP5 
(50pM),  CNQX  (20  pM),  SCH50911  (10  pM),  LY  3414953  (3  pM),  and 
bicuculline  (20pM).A;  Examples  of  fast  and  slow  currents  evoked  by  pressure- 
application  of  10  mM  choline  chloride  (arrowhead;  100  ms;  30  psi;  Vh  =  -70  mV; 
[Cl'Jint.  =  10  mM).  The  insets  show  the  absence  of  the  current  activated  by 
hyperpolarization  (Ih).  B:  In  the  current-clamp  mode,  pressure  application  of  5 
mM  tricholine  citrate  (arrowhead)  induced  brief  spiking  ( upper  left  panel;  the 
membrane  potential  was  held  at  -60  mV  by  passing  low-amplitude  depolarizing 
current).  The  lower  left  panel  shows  the  inward  current  evoked  in  the  same  cell 
by  tricholine  citrate  (5  mM;  arrowhead)  in  the  voltage-clamp  mode  (holding 
potential  (Vh),  -70  mV).  The  right  panel  shows  the  fast,  non-accommodating 
spiking  of  the  same  neuron,  in  response  to  depolarizing  current  injections,  and 
the  absence  of  a  "sag"  in  response  to  hyperpolarizing  current  injections  ( upper 
panel),  as  well  as  the  linear  changes  in  leakage  current  (absence  of  Ih)  during  1 
s-long,  10  mV  hyperpolarizing  steps,  starting  from  the  holding  potential  of  -70 
mV  ( lower  panel).  C:  The  fast  current  activated  by  sequential  (40  s  interval) 
pressure-application  of  10  mM  choline  chloride  (arrowheads;  same  settings  as 
in  "A")  was  blocked  by  bath  application  of  either  250  nM  a-BgTx  (upper  trace), 
or  1  pM  a-BgTx  ( lower  trace).  Upper  and  lower  traces  are  from  two  different 
neurons.  Grey  bars  over  the  recordings  mark  the  duration  of  bath-application 
of  a-BgTx.  D:  Example  of  the  low  sensitivity  of  choline-evoked,  slow  currents  to 
a-BgTx.  Arrowheads  show  the  time  point  of  pressure  application  of  10  mM 
choline  chloride.  a-BgTx  was  bath  applied,  initially  at  the  concentration  of  500 
nM,  followed  by  1  pM  (duration  of  application,  8  min  at  each  concentration; 

flow  rate,  8  ml/min) . 150 

Figure  21  Indirect  excitation  of  interneurons  by  activation  of  a7-nAChRs. 

Recordings  are  from  electrophysiologically  identified  interneurons,  in  the 
presence  of  a-conotoxin  AulB  (1  pM),  DH1SE  (10  pM),  atropine  sulfate  (0.5  pM), 
D-AP5  (50pM),  SCH50911  (10  pM),  LY  3414953  (3  pM),  and  bicuculline 
(20pM).A.*  Pressure  application  of  tricholine  citrate  (5  mM;  arrowhead) 
induced  high  frequency  firing  in  the  current-clamp  mode  [upper  left  panel)  and 
a  transient  inward  current  along  with  high-frequency  sEPSCs  in  the  voltage- 
clamp  mode  [lower  left  panel;  Vh,  -70  mV).  The  electrophysiological 
characteristics  of  this  neuron  are  shown  on  the  right  panel.  Responses  to 
depolarizing  or  hyperpolarizing  current  injections  [upper  right  panel)  and 
hyperpolarizing  voltage  steps  [lower  right  panel)  are  consistent  with  the 
properties  of  interneurons.  B:  In  current-clamp  mode,  bath  application  of 

choline  chloride  (2.5  mM)  induced  high-frequency  spiking . 152 

Figure  22  Activation  of  a7-nAChRs  enhances  spontaneous  GABAa  receptor-mediated 
IPSCs.  Recordings  are  from  BLA  principal  cells,  in  the  presence  of  a-conotoxin 
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AulB  (1  pM),  DH£E  (10  pM),  atropine  sulfate  (0.5  pM),  D-AP5  (50pM),  CNQX 
(20  pM),  SCH50911  (10  pM),  and  LY  3414953  (3  pM),  at  Vh  +30  mV  and 
internal  chloride  10  mM.  A;  Bath  application  of  choline  chloride  (5  mM) 
induced  a  transient  outward  cationic  current  and  increased  the  frequency  and 
amplitude  of  slPSCs.  The  sIPSCs  were  blocked  by  20  pM  bicuculline,  indicating 
that  they  were  mediated  by  GABAa  receptors.  B:  Amplitude-frequency 
histogram  of  the  effect  of  choline  on  slPSCs  (n  =  12,  ***P  <  0.001).  C:  Group  data 
(mean  ±  SE)  of  the  change  in  the  frequency  of  slPSCs  by  bath  application  of 
choline  chloride  (n  =  12,  ***P  <  0.001).  D:  Pretreatment  of  the  slices  with  a- 
BgTx  reduced  significantly  the  effects  of  choline.  Traces  show  an  example  of  the 
response  of  a  principal  neuron  to  bath  application  of  choline  chloride  (5  mM), 
and  the  response  of  the  same  neuron  when  choline  chloride  was  applied  in  the 
presence  of  a-BgTx  (1  pM).  The  group  data  are  shown  in  the  bar  graphs  below 

( ***P  <  0.001,  **P  <  0.01,  n  =  9) . 155 

Figure  23  Effects  of  a7-nAChR  activation  on  simultaneously  recorded  slPSCs  and 
sEPSCs.  Recordings  were  obtained  from  principal  neurons  in  the  presence  ofa- 
conotoxin  AulB  (1  pM),  DH£E  (10  pM),  atropine  sulfate  (0.5  pM),  D-AP5 
(50pM),  SCH50911  (10  pM),  and  LY  3414953  (3  pM),  at  a  holding  potential  of  - 
58  mV  and  internal  chloride  concentration  of  1  mM.  A:  Bath  application  of 
choline  chloride  (5  mM)  induced  a  transient  increase  in  the  frequency  and 
amplitude  of  both  slPSCs  (outward  currents)  and  sEPSCs  (inward  currents),  but 
the  increase  in  slPSCs  was  more  pronounced.  B:  Another  example  of  the  effects 
of  choline  chloride  (5  mM)  on  slPSCs  and  sEPSCs.  The  increase  in  sEPSCs  is 
more  apparent  in  this  cell  compared  to  the  cell  in  A.  C:  Group  data  (mean  +  SE) 
showing  the  effects  of  5  mM  choline  chloride  on  slPSCs  ( left )  and  sEPSCs 
[right].  Application  of  choline  significantly  increased  the  mean  charge 
transferred  by  slPSCs  and  sEPSCs  (n  =  9,  **P  <  0.01),  measured  during  the  5  sec 
period  after  the  initiation  of  the  effect.  During  this  5  sec  period,  the  charge 
transferred  by  slPSCs  was  significantly  larger  than  the  charge  transferred  by 
sEPSCs  (n  =  9,  **P  <  0.01).  D:  Lower  concentrations  of  choline  produced  a 
similar  effect;  an  example  is  shown  where  500  pM  choline  chloride  was  bath 
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Figure  24  Activation  of  a7-nAChRs  reduces  evoked  field  potentials  in  the  BLA.  A:  An 
example  of  field  potentials  evoked  in  the  BLA  by  stimulation  of  the  external 
capsule,  before,  during,  and  after  wash  out  of  choline  chloride  (20  mM).  Each 
trace  is  an  average  of  10  sweeps.  B :  Same  field  potentials  as  in  A,  in  control 
medium  and  in  the  presence  of  choline,  superimposed  for  a  clearer  view  of  the 
effect  of  choline.  C:  Group  data  from  8  slices  showing  the  amplitude  of  the  field 
responses  as  percentages  of  the  control  responses  before,  during,  and  after 

bath  application  of  choline  (n  =  8;  ***P  <  0.001) . 160 

Figure  25  Blockade  of  a7-nAChRs  in  the  basal  state  decreases  the  frequency  of 
slPSCs.  A:  An  example  from  a  principal  cell  displaying  high  inhibitory  synaptic 
activity  in  control  medium,  and  the  effect  of  a-BgTx  (1  pM)  on  slPSCs  (Vh  =  +30 
mV);  the  reduction  of  the  slPSCs  by  a-BgTx  was  irreversible.  The  slice  medium 
contains  a-conotoxin  AulB  (1  pM),  DH£E  (10  pM),  atropine  sulfate  (0.5  pM), 
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CNQX  (20  pM),  D-AP5  (50pM),  SCH50911  (10  pM),  and  LY  3414953  (3  pM).  B: 
Group  data  showing  the  effect  of  o-BgTx  on  the  frequency  of  sIPSCs  (n  =  4,  **P 
<  0.01).  C:  An  example  from  another  principal  cell  where  sIPSCs  and  sEPSCs 
were  recorded  simultaneously  (Vh  =  -58  mV,  internal  chloride  concentration  is 
1  mM).  The  reduction  of  the  sIPSCs  by  o-BgTx  (1  pM)  was  more  pronounced 
than  the  reduction  of  sEPSCs.  The  slice  medium  contains  a-conotoxin  AulB  (1 
HM),  DHKE  (10  pM),  atropine  sulfate  (0.5  pM),  D-AP5  (50pM),  SCH50911  (10 
pM),  and  LY  3414953  (3  pM).  D:  Group  data  showing  the  effect  of  a-BgTx  on 
the  frequency  of  sIPSCs  (n  =  4,  *P<  0.05)  and  sEPSCs  (n  =  4,  P>  0.05) . 162 


CHAPTER  1 :  Introduction 


The  most  recent  use  of  chemical  nerve  agents  occurred  on  21  August  2013,  killing 
1 ,429  Syrians  including  426  children.  Thousands  of  the  survivors  have  been  left  to  deal 
with  the  health  consequences  of  the  exposure,  including  the  development  of  anxiety 
disorders.  This  highlights  the  importance  of  developing  effective  countermeasures  that 
protect  against  the  long-lasting  neuropsychiatric  deficits  that  result  from  nerve  agent 
exposure  (72).  Nerve  agents  act  by  irreversibly  inhibiting  acetylcholinesterase  (AChE), 
which  leads  to  an  accumulation  of  acetylcholine  (ACh)  at  the  cholinergic  synapse, 
inducing  convulsive  activity.  If  pharmacological  intervention  is  not  immediately 
administered  to  inhibit  seizure  activity,  cholinergic  receptor  hyperstimulation  gives  way 
to  glutamatergic  receptor  hyperactivity,  which  sustains  and  reinforces  seizures  (status 
epilepticus;  SE)  (177). 

Exposure  to  a  nerve  agent  causes  severe  neuronal  loss  and  long  lasting  behavioral 
abnormalities,  including  the  development  of  anxiety  disorders.  The  basolateral  amygdala 
(BLA)  —  a  temporal  lobe  brain  region  centrally  involved  in  seizure  generation  and 
anxiety  disorders  (20)  —  is  severely  damaged  after  a  nerve  agent  exposure;  damage  leads 
to  BLA  hyperactivity,  which  is  often  associated  with  anxiety  disorders.  However,  the 
mechanisms  underlying  the  progression  from  nerve  agent  exposure  to  BLA 
hyperexcitability  and  the  development  of  anxiety  disorders  have  not  yet  been  evaluated. 
Identifying  the  mechanisms  underlying  the  alterations  that  lead  to  anxiety  disorders  is 
essential  for  well-tolerated  and  efficacious  treatment  interventions  to  be  developed  to 
prevent  or  minimize  long-term  neuropsychiatric  deficits  that  are  often  observed  after 
nerve  agent  exposure. 
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Physical  and  Chemical  Properties  of  Nerve  Agents 


Nerve  agents  are  extremely  toxic  relatives  of  organophosphate  insecticides  (203). 
The  G-series  of  nerve  agents  (tabun  [GA],  sarin  [GB],  soman  [GD],  and  cyclosarin  [GF]) 
were  invented  in  Nazi  Germany,  but  were  never  used  in  battle  during  World  War  II; 
tabun  and  sarin  have  been  used  in  more  recent  conflicts,  including  the  Iran-Iraq  war 
(202),  the  Aum  Shinrikyo  terrorist  attacks  in  Matsumoto  and  Tokyo  (271 ;  278),  and  most 
recently  in  the  2013  Syrian  conflict  (72;  276).  Nerve  agents  remain  a  major  threat  to  both 
military  and  civilians  because  of  the  relative  ease  with  which  to  produce,  transport,  and 
deploy  agents  (19).  Moreover,  because  pharmacological  intervention  does  not  protect 
against  the  long-term  effects  of  nerve  agent  exposure  (72),  their  use  on  civilians  can  have 
lasting  neurological  and  psychological  effects.  It  is  therefore  essential  that  their 
mechanism  of  action  and  the  pathophysiological  deficits  that  arise  after  exposure  are  well 
understood  so  that  effective  countermeasures  may  be  developed  to  prevent  or  reduce  the 
deficits  that  occur  after  exposure  to  a  nerve  agent. 

Nerve  agents  are  organic  esters  of  phosphoric  acid  derivatives  similar  to  the 
organophosphorus  pesticides  (109).  Nerve  agents  have  a  central  phosphorus  atom  bonded 
to  three  heteroatoms,  where  R1'2  are  hydrogen,  alkyl  (including  cyclic),  aryl,  alkoxy, 
alkylthio  and  amino  groups  (26),  and  R3  is  a  dissociable  group  (e.g.,  halogens,  cyano, 
alkylthio  group,  or  inorganic  or  organic  acid)  (26)  (Figure  1).  Their  toxicity  generally  is 
determined  depending  on  specific  conditions  including  species,  sex,  age,  genetic 
disposition,  body  weight,  diet,  hormonal  factors,  etc.  (26).  The  physical  characteristics  of 
the  G-agents  are  summarized  in  Table  1 .  Nerve  agents  show  a  volatility  that  increases 
with  temperature;  sarin  is  the  most  volatile  of  the  G-agents  (276).  However,  soman  is 
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most  persistent;  that  is,  soman  has  the  greatest  ability  to  remain  active  in  the  environment 
after  deployment  (289). 
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Figure  1  Structural  formula  of  organophosphorus  agents.  (A)  General  formula  of  an 

organophosphate  where  R1 2  are  hydrogen,  alkyl  (including  cyclic),  aryl,  alkoxy, 
alkyllhio,  and  amino  groups,  and  R3  is  a  dissociable  group.  (B)  Structural 
formula  of  soman  (pinacolyl  methylphosphonate).  Modified  from  (26). 


Table  1  Chemical  Properties  of  Nerve  Agents 


Sarin  (GB) 

Soman  (GD) 

Tabun  (GA) 

Cyclosarin  (GF) 

Boiling  point  (°C) 

147 

167-200 

240 

239 

Melting  point  (°C) 

-57 

-42 

-50 

-30 

Vapor  Pressure  (mmHg  at 
25°C) 

2.9 

0.4 

0.057 

0.068 

Volatility  (mg/mJ  at  25°C) 

22,000 

3,900 

490 

581 

Vapor  LC50  (ppm) 

1. 2-0.6 

0.9-0.5 

2. 0-1.0 

0.5 

Liquid  LD50  Skin  g/70  kg  man 

1.7 

0.35 

1 

0.35 

Persistency 

2-24  hours  at 

5-25°  C 

Relatively 

Persistent 

Tl/2  =  24-36 
hours 

Unknown 

Ageing  half-time  for  human 

-3-5  hours 

-2-6  min 

~13.3>14 

hours 

'7.5-40  hours 

Note:  Adapted  from  (259;  276;  289) 


Cholinergic  Synaptic  Transmission 

To  understand  nerve  agents’  mechanism  of  action  and  subsequent  pathological 
and  pathophysiological  alterations  that  occur  after  nerve  agent  exposure,  cholinergic 
synaptic  transmission  must  first  be  explained.  Choline-acetyltransferase  (ChAT) 
catalyzes  the  synthesis  of  ACh  from  choline  and  acetyl-coenzyme  A  in  cholinergic 
synapses  in  the  peripheral  (PNS)  and  central  nervous  system  (CNS).  ACh  is  packaged 
into  synaptic  vesicles  via  a  vesicular  ACh  transporter  (vAChT)  and  released  upon 
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stimulation  (267)  (Figure  2).  ACh  acts  at  muscarinic  (mAChRs)  and  nicotinic 
acetylcholine  receptors  (nAChRs).  Activation  of  M 1 3  5-mAChRs,  in  turn,  activate 
secondary  messenger  processes  that  result  in  depolarization  of  the  postsynaptic  neuron, 
whereas  activation  of  M2,4-mAChRs  activate  secondary  messenger  processes  that 
hyperpolarize  the  postsynaptic  neuron  (42;  76).  Release  of  ACh  also  activates  nAChRs. 
Brain  nAChRs  are  pentameric  receptors  composed  of  5  subunits  (0,2-0,10,  B]  -B4)  (7); 
nAChRs  containing  the  homomeric  07  and  heteromeric  CI4B2  are  the  two  major  subtypes 
found  in  the  brain.  The  07  homomeric  pentamer  binds  to  a-bungarotoxin  (a-BgTx)  with 
high  affinity,  is  calcium  permeable  (95),  and  is  rapidly  desensitized  (8;  283),  whereas  the 
heteromeric  04B2  (configured  in  a  2a3B  stoichiometry)  subtype  has  a  high  affinity 
binding  for  nicotine  and  slowly  desensitizes  (7).  In  the  BLA,  the  07-nAChRs  are 
expressed  on  both  glutamatergic  neurons  and  GABAergic  intemeurons,  but 
predominantly  enhance  inhibitory  synaptic  transmission  (141 ;  225). 

Nerve  Agent  Mechanism  of  Action 

AChE,  which  is  synthesized  in  the  endoplasmic  reticulum  and  transported  along 
the  motor  axon  via  anterograde  transport  (137),  rapidly  hydrolyzes  ACh,  effectively 
reducing  its  concentration  in  the  synapse.  AChE  is  a  glycoprotein  that  consists  of  six 
main  forms  (Gl,  G2,  G4,  A4,  A8,  A12)  (137);  G4  is  primarily  found  in  the  brain,  with  a 
lesser  extent  being  Gl  (137).  AChE  molecules  have  two  active  sites,  known  as  the 
anionic  and  esteratic  sites.  The  anionic  site  positions  ACh  in  the  active  site  through  an 
electrostatic  interaction  with  the  quaternary  nitrogen  in  choline  (289),  whereas  the 
hydroxyl  group  of  the  serine  residue  in  the  esteratic  site  covalently  binds  to  the  ester 
carbonyl  group  forming  an  unstable  tetrahedral  intermediate  that  rapidly  decomposes. 
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liberating  choline  and  leaving  the  enzyme  covalently  bound  to  acetate  (289).  The  acyl 
enzyme  then  undergoes  hydrolysis,  releasing  acetic  acid  and  regenerating  the  free 
enzyme. 

AChE  is  rapidly  and  irreversibly  inhibited  when  nerve  agents  bind  to  the  serine 
hydroxyl  residue  at  the  esteratic  site  of  the  AChE  molecule,  forming  a  phosphonate  ester 
(28;  190;  263),  subsequently  blocking  the  hydrolysis  of  ACh.  With  the  loss  of  one  of  the 
R  groups  (Figure  1  A),  a  conformational  change  ensues,  resulting  in  the  formation  of  a 
stable  and  permanent  bond  that  is  resistant  to  spontaneous  hydrolysis  and  reactivation  by 
oximes  (167;  289).  When  the  bond  is  strengthened,  the  enzyme-nerve  agent  complex  is 
said  to  have  aged.  The  aging  time  varies  greatly  between  the  different  nerve  agents 
(Table  1);  the  aging  half  time,  or  time  for  half  of  involved  cholinesterase  to  age  (289), 
ranges  from  approximately  2  min  for  soman  to  up  to  40  hours  for  cyclosarin  (259;  276; 
289).  Because  soman  ages  AChE  most  rapidly,  symptoms  of  intoxication  will  appear 
rapidly,  severely  limiting  the  therapeutic  window;  for  this  reason  soman  is  the  nerve 
agent  used  in  the  experiments  performed  in  this  dissertation. 


27 


Figure  2  Cholinergic  synaptic  transmission  under  basal  conditions  and  in  the  presence  of 
a  nerve  agent.  (A)  In  the  presynaptic  terminal  choline-acetyltransferase  (ChAT) 
catalyzes  the  synthesis  of  acetylcholine  (ACh)  from  choline  and  aceyl- 
coenzyme  A  (a).  ACh  is  packaged  in  synaptic  vesicles  via  a  vesicular  ACh 
transporter  (vAChT)  (b).  ACh  is  released  into  the  synaptic  cleft  (c)  where  it  will 
bind  to  muscarinic  acetylcholine  receptors  (mAChRs),  leading  to  the  activation 
of  second  messengers  (d)  that  either  increase  intracellular  calcium 
concentrations  or  inhibit  activation  of  potassium  channels  (e).  In  addition, 
activation  of  post-synaptic  a7-nAChRs  increase  calcium  influx  and  activates 
second  messengers  that  influence  anti-apoptotic  mechanisms  (3)  (f),  whereas 
activation  of  presynaptic  a7-nAChRs  regulates  ACh  release  via  a  feedback 
response.  ACh  is  hydrolyzed  in  the  synaptic  cleft  by  AChE.  Liberated  choline  is 
taken  back  up  by  a  high  affinity  choline-uptake  mechanism  (267)  where  it  will 
be  resynthesized  into  ACh  (g).  (B)  A  nerve  agent,  such  as  soman,  binds  to  and 
irreversibly  inhibits  AChE  activity  (black  circles).  While  initially  the  synthesis 
and  packaging  of  ACh  is  similar  to  basal  conditions  (a,  b)  AChE  inhibition  will 
cause  ACh  to  accumulate  at  cholinergic  synapses  (c).  Accumulation  of  ACh 
will  increase  activation  of  mAChRs,  subsequently,  increasing  postsynaptic 
depolarization  (d,  e).  a7-nAChRs,  which  are  present  on  GABAergic 
intemeurons  in  the  BLA  and  act  to  increase  inhibitory  synaptic  transmission 
will  desensitize.  The  combined  effects  initiate  SE  activity,  but  subsequently 
give  way  to  glutamatergic  hyperactivity,  which  sustains  and  reinforces  seizures, 
causing  neuropathology  and  subsequent  neurodegeneration  via  pro-apoptotic 
effects  (f). 
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Symptoms  of  Nerve  Agent  Exposure 


Acute  symptoms  of  nerve  agent  intoxication  arise  from  hyperactivation  of 
mAChRs  and  nAChRs  in  the  CNS  and  PNS.  ACh  receptors  are  defined  by  their  affinities 
for  nicotine  and  muscarine,  are  present  in  different  anatomic  locations,  and  utilize 
different  signal  transduction  mechanisms.  Muscarinic  receptors,  for  example,  exert  their 
effects  through  G-proteins  and  are  found  in  the  CNS,  at  postganglionic  parasympathetic 
nerve  endings,  and  in  postganglionic  sympathetic  receptors  (289),  whereas  nicotinic 
receptors  are  present  in  the  CNS,  both  sympathetic  and  parasympathetic  autonomic 
ganglia,  and  at  the  neuromuscular  junction  (289).  Hyperactivation  of  peripheral  mAChRs 
after  nerve  agent  exposure  causes  salivation,  lacrimation,  urination  and  defecation, 
diaphoresis,  gastric  emesis,  excessive  secretion  of  nasal  mucosa  (rhinorrhea),  miosis, 
failure  of  accommodation  (ciliary  muscle  paralysis),  and  abdominal  cramps  (26;  289).  As 
symptoms  progress,  bronchorrhea,  bronchoconstriction,  and  bradycardia  manifest. 
Peripheral  nicotinic  symptoms  include  pallor,  tachycardia,  hypertension,  muscle 
weakness,  fasciculations,  convulsions,  and  paralysis  (skeletal  muscles  including 
diaphragm  and  intercostal  muscles)  (26).  In  the  CNS,  muscarinic  and  nicotinic  symptoms 
include  anxiety,  restlessness,  headache,  confusion,  tremor,  convulsions,  and  respiratory 
depression  (26;  289).  Death  may  result  from  a  failure  of  heart  and  ventilation  functions. 

Nerve  Agent  Induced  Seizures 

Without  immediate  treatment  to  arrest  the  toxic  effects  of  nerve  agents,  a  common 
symptom  is  the  development  of  seizures.  Seizures  were  common,  for  example,  in  a  small 
percentage  of  moderately  to  severely  poisoned  patients  from  the  sarin  attack  in  the  Tokyo 
subway  (207;  210)  and  were  reported  in  victims  of  the  Syrian  nerve  agent  attack.  While 
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seizures  are  not  the  primary  cause  of  death  in  an  individual  after  nerve  agent  exposure, 
prolonged  seizure  activity  causes  severe  neuropathology  (174),  which  may  lead  to  long 
lasting  behavioral  deficits. 

The  initiation  of  seizures  after  nerve  agent  exposure  is  due  to  hyperstimulation  of 
cholinergic  receptors.  While  evidence  indicates  that  nAChRs  are  not  implicated  in  seizure 
generation  and,  in  fact,  have  been  found  to  be  relatively  ineffective  in  antagonizing 
seizures  (62),  hyperactivation  of  M  i  -mAChRs  activate  second  messenger  processes  that 
increase  intracellular  calcium  concentrations,  effectively  depolarizing  neurons  (42)  and 
generating  seizures.  Evidence  in  support  of  this  view  include:  1 )  administration  of  240 
mg/kg  pilocarpine,  a  potent  mAChR  agonist,  induces  seizures  resembling  1 .6-2.0  x  LD50 
soman  exposure  (274);  2)  administration  of  VU0225035,  a  selective  Mi -mAChR 
antagonist,  reduces  pilocarpine-induced  seizures  (251);  3)  administration  of  the  Mi - 
mAChR  antagonist,  methoctramine,  abolished  carbachol-induced  seizures  (62). 

If  treatment  is  not  immediately  administered  to  mitigate  seizure  activity, 
cholinergic  hyperactivation  gives  way  to  glutamatergic  hyperstimulation,  which  sustains 
and  reinforces  seizures  (177).  This  transition  occurs  when  activation  of  Mj  -mAChRs 
increase  neuronal  depolarization  and  subsequently  enhance  the  frequency  and  amplitude 
of  spontaneous  excitatory  postsynaptic  currents  (sEPSCs)  (144).  Support  that  a  transition 
from  cholinergic  receptor  hyperstimulation  to  glutamatergic  receptor  hyperactivation  has 
been  documented  biochemically  and  pharmacologically.  For  example,  after  nerve  agent 
exposure,  ACh  returns  to  baseline  concentrations  within  50  min  in  septohippocampal 
areas  and  within  90  min  in  the  amygdala  (145),  whereas  extracellular  glutamate 
concentrations  have  been  found  to  rise  within  minutes  of  exposure  and  remain  elevated  at 
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least  90  minutes  after  SE  onset  in  multiple  brain  regions  (146;  147;  1 77). 
Pharmacological  evidence  confirms  that  the  cholinergic  system  is  responsible  for 
initiating  but  not  sustaining  seizures;  administration  of  an  anti-cholinergic  drug  (e.g., 
scopolamine,  atropine,  benactyzine,  or  trihexyphenidy  within  5  min  of  SE  onset 
terminates  seizure  activity,  whereas  delaying  treatment  up  to  20  min  after  exposure 
increases  the  concentration  of  drug  needed  to  terminate  seizures.  Delaying  treatment  up 
to  40  min  renders  cholinergic  antagonists  ineffective  in  terminating  seizures  (176). 
Alternatively,  the  GABA  a  receptor  agonist,  diazepam,  and  the  NMDA  receptor 
antagonist,  MK-801,  exerted  powerful  anticonvulsant  effects  against  soman-induced 
seizures,  even  when  given  up  to  20  min  after  exposure  (176),  indicating  that  the  initial 
phases  of  nerve  agent-induced  seizures  are  modulated  by  mAChR  activation,  whereas 
glutamatergic  receptors  are  recruited  and  sustain  seizures  after  a  period  of  time  (176). 
However,  benzodiazepines  such  as  diazepam  lose  anticonvulsant  effectiveness  if  there  is 
a  delay  between  seizure  onset  and  treatment  (179). 

Controlling  and  eliminating  seizures  is  essential  to  protect  against  neuropathology 
and  subsequent  behavioral  and  neurological  disorders.  Military  personnel  are  deployed 
with  autoinjectors,  which  contain  an  oxime  (e.g.,  pralidoxime  or  HI-6)  and  atropine 
(mAChR  antagonist).  Immediate  administration  of  the  autoinjectors  will  prevent  the 
deleterious  effects  of  ACh  binding  to  mAChRs,  but  atropine  must  be  re-administered 
every  5-10  min  when  an  adult  is  severely  poisoned  (203;  259).  In  the  event  of  a  civilian 
attack,  however,  such  as  in  Japan  and  more  recently  Syria,  it  may  take  at  least  30  min  for 
emergency  personnel  to  access  individuals  exposed  to  a  nerve  agent  (196;  296).  As  time 
elapses  after  the  initial  exposure,  neuropathology  will  develop;  there  is  a  strong  positive 
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correlation  between  seizure  duration  and  neuropathology  after  soman  nerve  agent 
exposure  (174).  It  is  therefore  essential  that  treatments  be  rapidly  administered  after 
exposure  to  a  nerve  agent  to  prevent  the  ensuing  neuropathology. 

Acute  and  Long  Term  Neuropathology  after  Nerve  Agent  Exposure 

Prior  to  the  nerve  agent  attack  in  Syria,  the  last  known  use  of  nerve  agents 
occurred  in  Japan;  evidence  of  long  term  neuropsychiatric  deficits  have  been  amassed 
from  victims  of  the  Tokyo  Subway  and  Matsumoto  terrorist  attacks.  One  to  three  years 
after  those  attacks,  individuals  reported,  among  other  symptoms,  a  chronic  decline  in 
memory  function  (199;  205).  Five  years  after  the  attacks  individuals  showed  continued 
ocular  and  cognitive  symptoms  (134)  and  significant  decreases  in  regional  gray  matter 
volume  in  the  right  insular,  right  temporal  cortices,  and  left  hippocampal  region  (295).  In 
addition,  a  significant  decrease  in  amygdalar  gray  matter  volume  was  observed  in  victims 
of  the  Tokyo  subway  sarin  attack,  of  whom  many  reported  symptoms  of  posttraumatic 
stress  disorder  (PTSD)  (243).  Similarly,  neurological  follow-up  surveys  monitored 
between  5  and  7  years  after  the  Tokyo  attack  showed  that  the  main  neurological 
symptoms  were  neuropsychiatric  disorders,  including  PTSD  (124;  209). 

While  accumulated  data  regarding  the  neuropathological  alterations  that  occur 
after  nerve  agent  exposure  in  humans  is  sparse,  animal  models  are  often  used  to  evaluate 
the  acute  and  long  lasting  neuropathological  deficits  that  occur  in  the  brain  after  exposure 
to  a  nerve  agent  such  as  soman.  The  amount  of  damage  in  the  brain  correlates  with  the 
duration  of  the  seizure  (1 74;  255).  If  seizures  are  terminated  within  20  minutes  of  onset, 
only  approximately  10%  of  animals  developed  neuropathology;  however,  approximately 
98%  of  animals  display  severe  neuropathology  if  seizures  are  not  terminated  (174). 
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Neuronal  loss  occurring  within  the  first  24  hours  of  nerve  agent  induced  seizures 
is  primarily  caused  by  a  process  known  as  necrosis  (1 14;  177);  necrosis  typically  occurs 
when  excessive  glutamate  is  released  into  the  synaptic  cleft,  which  in  turn  activates 
NMDA  receptors  and  triggers  calcium  influx.  The  intracellular  calcium  then  activates 
intracellular  proteases,  neuronal  nitric  oxide  synthase,  and  generates  free  radicals, 
damaging  the  cell  membrane,  structural  proteins,  and  enzymes  essential  for  cell  survival 
(96).  Neuronal  loss  within  the  first  24  hours  of  nerve  agent  induced  seizures  has  been 
documented  in  many  brain  regions  including  the  fibers  of  fornix,  cortico-fugal 
projections  to  the  thalamus,  spinal  cord,  optic  tract,  lateral  geniculate  bodies,  pre-tectal 
area,  superior  colliculus,  substantia  nigra,  and  temporal  lobe  regions  including 
hippocampal  formation,  amygdala,  and  piriform  cortices  (68;  222).  However,  the  most 
severe  damage  in  rats  has  been  found  in  the  amygdala,  piriform  cortex,  and  hippocampus 
(53;  68;  90). 

In  addition  to  the  loss  of  neurons  immediately  after  nerve  agent  exposure,  cells 
continue  to  undergo  neurodegeneration  via  mechanisms  of  secondary  necrosis  (69;  93) 
and  apoptosis.  Secondary  necrosis,  which  has  been  found  to  contribute  to  ongoing 
neuronal  loss  up  to  14  days  after  SE  (93),  involves  the  early  release  of  cytochrome  c  into 
the  cytoplasm,  the  subsequent  activation  of  caspase-9  and  caspase-3,  but  does  not  require 
an  upregulation  of  immediate  early  genes  (71;  204).  Apoptosis,  on  the  other  hand,  is 
triggered  by  the  activation  of  glutamate  receptors  that  increase  calcium  influx;  the  result 
is  the  activation  of  harmful  metabolic  cascades,  including  lipases,  proteases,  kinases, 
phosphatases,  and  endonucleases  (26 1 ),  which  deprive  the  cell  of  enzymes  or  trophic 
factors  essential  for  survival  (53;  171 ;  261),  causing  fragmentation  of  nuclear  DNA,  cell 
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shrinkage,  chromatin  degradation,  mitochondrial  breakdown,  and  cell  death  (53;  261). 
Secondary  neuronal  loss  (i.e.,  neurodegeneration)  is  prominent  in  brain  regions  including 
the  piriform  cortex,  hippocampus,  amygdala,  thalamus  and  cortex  after  nerve  agent 
exposure  (53).  Although  neurodegeneration  appears  to  be  severe  in  multiple  brain 
regions,  the  frequency  of  damage  in  the  amygdala  is  more  severe  than  most  other  brain 
regions  (90;  174).  Eventually,  however,  these  degenerating  neurons  die  due  to  delayed 
toxicity  (57;  60).  The  result  may  be  long  lasting  behavioral  and  neurological  deficits  (57; 
91). 

The  Amygdala  and  Long-Lasting  Behavioral  Deficits  Associated  with 
Amygdalar  Hyperactivation  After  Soman  Induced  Status  Epilepticus 

Over  a  decade  after  the  sarin  attack  in  Japan,  many  victims  reported  ongoing 

symptoms  associated  with  PTSD  (124;  209).  The  loss  of  gray  matter  volume  may  lead  to 

hyperactivity  within  a  structure  that  plays  a  central  role  in  anxiety  disorders,  the 

amygdala.  The  amygdala  modulates  emotional  processing  by  assigning  emotional 

significance  to  external  stimuli  to  produce  the  appropriate  behavioral  responses  (154; 

245).  Amygdala  activation  is  also  implicated  in  fear  conditioning  (34);  trauma  to  the 

amygdala  plays  a  key  role  in  anxiety  disorders  (67;  82;  102;  152)  and  the  generation  of 

seizures  (20;  230).  To  understand  why  the  amygdala  plays  a  key  role  in  fear  and  anxiety, 

its  anatomy  and  physiology  must  be  briefly  described. 

The  Amygdala’s  Anatomy  and  Physiology 

The  amygdala  is  comprised  of  approximately  1 3  nuclei  divided  into  three  groups: 

1 )  the  basolateral  (complex)  group,  which  consists  of  the  lateral  nucleus,  basal  nucleus, 
and  accessory  basal  nucleus;  2)  the  cortical-like  group,  which  consists  of  cortical  nuclei 
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and  the  nuclei  of  the  lateral  olfactory  tract;  and  3)  centromedial  group,  which  consists  of 
the  medial  and  central  nuclei  (245).  The  basolateral  nuclei  (BLA),  the  complex  that  is  the 
center  of  this  dissertation,  receives  afferent  stimuli  (e.g.,  sensory  information  from  all 
modalities)  from  cortical  areas  (166),  including  the  anterior  cingulate,  insular, 
orbitoffontal  cortices,  and  basal  forebrain  (183;  212),  and  subcortical  brain  areas, 
including  the  thalamus  and  hypothalamus  (245),  among  other  regions.  Although  the  BLA 
has  reciprocal  projections  with  many  cortical  areas,  the  major  efferent  pathway  is  to  the 
central  nucleus  of  the  amygdala  (217).  The  BLA  also  projects  to  the  medial  temporal  lobe 
memory  system  with  afferents  to  hippocampus,  nucleus  accumbens,  perirhinal  cortex,  but 
also  to  the  prefrontal  cortex  and  thalamus  (245).  The  central  amygdala  sends  robust 
projections  to  hypothalamic,  pontine,  and  medullary  regions,  as  well  as  the  brainstem  and 
basal  fore  brain  structure  (1 66;  215),  modulating  autonomic  responses.  Via  the  robust 
projections  to  neuromodulatory  cell  groups  of  the  brainstem  and  basal  forebrain  as  well 
as  to  regions  associated  with  memory,  the  amygdala  can  not  only  directly  influence  major 
cell  groups,  but  it  can  also  influence  excitability  in  brain  regions  to  which  it  is  not 
directly  connected  (215). 

A  defining  feature  of  the  amygdala  is  its  ability  to  regulate  its  intrinsic 
excitability.  The  amygdala  is  comprised  of  pyramidal  (glutamatergic)  neurons  and 
GABAergic  intemeurons.  Pyramidal  neurons  constitute  the  majority  of  the  neurons  in  the 
BLA  (80-85%),  whereas  GABAergic  intemeurons  form  approximately  15-20%  of  the 
neuronal  population  (245;  268)  and  express  parvalbumin  or  calbindin  and/or  calretinin  in 
their  cytosol  (136).  GABAergic  intemeuronal  excitability  is  regulated  by  excitatory 
inputs  from  cortical  and  thalamic  glutamatergic  neurons  that  converge  onto  GABAergic 
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intemeurons  in  the  BLA  (162;  163;  217)  to  regulate  their  activity.  In  addition,  feed¬ 
forward  and  feedback  inhibition  from  local  circuit  intemeurons  in  the  BLA  are  also 
present  to  regulate  their  excitability  (149;  268;  293).  Evidence  also  indicates  that 
GABAergic  intemeuronal  excitability  is  regulated  by  a  number  of  different  systems, 
including  the  dopaminergic  (208),  serotonergic  (238),  and  cholinergic  system  (193).  One 
mechanism  recently  found  to  powerfully  modulate  GABAergic  inhibition,  but  also 
mitigate  anxiety-like  behavior,  is  activation  of  a7-conlaining  nicotinic  acetylcholine 
receptors  (a-nAChRs)  (88;  225;  see  also  Appendix  1).  Thus,  although  GABAergic 
intemeurons  only  comprise  a  fraction  of  the  total  cell  population,  they  have  a  powerful 
ability  to  regulate  BLA  excitability  and  the  expression  of  anxiety  (148;  163  ;  216;  293). 

Amygdala-Dependent  Behavioral  Deficits  After  Nerve  Agent  Exposure 

More  than  a  decade  after  the  1994  terrorist  attack  in  Matsumoto,  73%  of  exposed 
individuals  reported  psychological  problems  (296).  Similarly,  a  decade  after  the  Tokyo 
attack,  victims  reported  ongoing  neuropsychiatric  disturbances,  including  irritability  and 
restlessness,  avoidance  of  places  that  triggered  recollection  of  the  trauma,  tension,  and 
insomnia  (209;  296),  all  symptoms  of  PTSD.  Sarin  exposed  individuals  suffering  from 
PTSD  also  had  significantly  smaller  mean  bilateral  amygdala  volumes  than  those  that  did 
not  develop  PTSD  (243).  However,  individuals  with  PTSD  (not  exposed  to  nerve  agents) 
also  have  greater  amygdala  activation  (262).  Although  reduced  amygdalar  volume  in 
conjunction  with  increased  amygdala  activity  may  seem  inconsistent,  numerous  studies 
of  related  disorders  have  shown  increased  activation  in  brain  regions  with  reduced 
volume  (45;  253).  Similarly,  animal  models  have  also  demonstrated  that  anxiety-  or  fear- 
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like  behavior  is  associated  with  reduced  amygdala  volume  (297)  and  increased  activity 
(67). 

After  nerve  agent  exposure,  animals  display  reduced  amygdalar  volume  (50;  107) 
and  increased  anxiety-  and  fear-like  behavior  (61 ;  91 ;  150;  1 87;  23 1).  Both  lethal  or 
sublethal  doses  of  soman  cause  greater  anxiety-like  behavior  30  to  90  days  after  exposure 
(61;  165)  compared  to  respective  controls.  Similarly,  although  auditory  fear  conditioning, 
which  is  primarily  amygdala  dependent,  was  impaired  up  to  10  days  after  soman 
exposure,  animals  display  greater  freezing  behavior  in  response  to  a  conditioned  tone  30 
days  after  exposure  (58;  1 87)  and  elevated  startle  response  even  after  convulsions  were 
pharmacologically  terminated  (150).  These  results  indicate  that  long-lasting  increases  in 
anxiety-  and  fear-like  behaviors  are  present  after  exposure  to  a  nerve  agent. 

Conclusions 

Both  animal  and  human  studies  have  revealed  that  exposure  to  nerve  agents  cause 
severe  neuropathology  within  the  BLA  and  persistent  increases  in  anxiety  disorders  or 
anxiety-like  behaviors.  This  demonstrates  a  real  health  consequence  in  survivors  of  a 
nerve  agent  attack.  The  latest  nerve  agent  attack  in  Syria  left  thousands  of  civilians 
susceptible  to  the  development  of  neurological  and  neuropsychiatric  illnesses.  To  help 
mitigate  the  symptoms  associated  with  these  disorders,  it  is  essential  to  develop  new  and 
efficacious  treatments.  However  for  treatments  to  be  successful,  the  mechanisms 
underlying  the  development  of  anxiety  after  nerve  agent  exposure  must  be  uncovered. 
Therefore,  the  purpose  of  this  dissertation  is  to  identify  the  underlying  pathological  and 
pathophysiological  alterations  that  lead  to  long-lasting  increases  in  anxiety-like  behavior. 
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Specific  Aims 


The  recent  sarin  attack  in  Syria  killed  1 ,429  people,  including  426  children,  and 
left  countless  more  to  deal  with  the  health  consequences  of  the  exposure.  Prior  to  the 
Syrian  chemical  assault,  the  nerve  agent  attacks  in  Japan  left  many  victims  suffering  from 
neuropsychiatric  illnesses,  particularly  anxiety  disorders.  The  biological  mechanisms 
underlying  the  development  of  anxiety  after  nerve  agent  exposure  are  not  known; 
uncovering  these  mechanisms  is  necessary  for  successful  treatment.  Nerve  agents  rapidly 
and  irreversibly  inhibit  acetylcholinesterase  (AChE),  causing  an  accumulation  of 
acetylcholine  (ACh)  at  the  cholinergic  synapse;  hyperstimulation  of  cholinergic  receptors 
raises  the  excitation  level  to  the  point  of  seizure  generation,  initiating  seizure  activity.  If 
treatment  is  not  immediately  administered,  cholinergic  receptor  hyperstimulation  gives 
way  to  excessive  activation  of  the  glutamatergic  system,  sustaining  and  intensifying 
seizure  activity  (status  epilepticus,  SE),  causing  profound  brain  damage  and  long-term 
behavioral  impairments.  For  treatments  to  be  successful,  it  is  essential  to  define  the  brain 
regions  associated  with  the  generation  of  seizures  as  well  as  the  underlying 
pathophysiological  alterations  that  follow  nerve  agent  exposure  that  lead  to  long-lasting 
neuropsychiatric  deficits. 

The  long-term  goal  of  the  proposed  research  is  to  develop  effective  and  well- 
tolerated  pharmacological  strategies  for  ameliorating  seizure  activity  immediately  after 
soman  intoxication.  The  immediate  goal  of  this  research  is  to  identify  the  cellular  and 
molecular  mechanisms  underlying  the  development  of  epileptiform  activity  after  soman 
exposure  and  the  subsequent  increases  in  anxiety-like  behavior.  The  central  hypotheses 
are:  1)  that  inhibition  of  AChE  in  the  basolateral  amygdala  (BLA)  is  necessary  for  the 
generation  of  nerve  agent  induced  seizures;  and  2)  the  pathophysiological  alterations 
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underlying  increases  in  anxiety-like  behavior  result  from  impairments  in  GABAergic 
synaptic  transmission  and  impaired  synaptic  plasticity.  Our  specific  aims  are: 

Specific  Aim  1:  To  determine  whether  AChE  must  be  sufficiently  inhibited  in  the 
BLA  for  the  generation  of  soman-induced  seizures  and  examine  the  recovery  of 
AChE  in  temporal  lobe  brain  regions  after  soman  exposure. 

No  study  has  conclusively  identified  whether  AChE  inhibition  in  the  BLA  is 
required  for  the  generation  of  seizures  after  nerve  agent  exposure.  Understanding  where 
seizures  are  generated  and  how  AChE  activity  recovers  after  nerve  agent  intoxication  is 
imperative  for  developing  treatment  options  towards  ameliorating  toxic  symptoms  after 
nerve  agent  exposure.  We  hypothesize  that  AChE  inhibition  in  the  BLA  leads  to  the 
generation  of  seizures  after  soman  exposure,  but  also  hypothesize  that  AChE  will  recover 
and  return  to  baseline  values.  To  accomplish  this  aim,  we  will  use  spectrophotometry  to 
establish  a  time  course  for  the  recovery  of  AChE  activity. 

Specific  Aim  2:  To  identify  the  progression  of  neuropathological  and 
pathophysiological  alterations  in  the  BLA  after  soman  exposure  and  its  association 
with  anxiety-like  behavior. 

To  identify  the  underlying  mechanisms  responsible  for  increased  neuropsychiatric 
deficits,  it  is  essential  to  examine  the  pathological  and  pathophysiological  alterations  that 
occur  in  the  BLA.  We  hypothesize  that  soman  exposure  will  cause  severe  neuronal  and 
intemeuronal  loss  in  the  BLA.  The  neuropathology  will  lead  to  alterations  in  BLA 
excitability,  mechanisms  responsible  for  learning  and  memory  (e.g.,  long  term 
potentiation  of  synaptic  transmission),  and  subsequently  lead  to  increases  in  anxiety-like 
behavior.  To  accomplish  this  aim,  we  will  use  immunohistochemistry  and  stereology  to 
determine  the  loss  of  GABAergic  intemeurons  and  principal  neurons.  In  addition,  we  will 
use  extracellular  field  potentials  to  identify  alterations  to  network  excitability  and 
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mechanisms  associated  with  learning  and  memory.  Finally,  we  will  correlate  these 
alterations  with  increases  in  anxiety-like  behavior,  as  determined  by  the  open  field  and 
acoustic  startle  response  tests. 

Specific  Aim  3:  To  identify  alterations  in  GABAa  receptor  mediated  inhibitory 
synaptic  transmission  in  the  rat  BLA  after  exposure  to  soman. 

Indirect  evidence  suggests  that  GABAergic  inhibition  is  impaired  after  nerve 
agent  exposure.  However,  no  study,  to  date,  has  directly  examined  whether  GABAergic 
transmission  and  mechanisms  that  modulate  GABAergic  inhibition  are  altered  after 
soman  exposure.  We  hypothesize  that  soman  exposure  severely  damages  the  GABAergic 
inhibitory  system.  In  addition,  we  will  examine  whether  soman  exposure  alters  the 
function  of  cty-nAChRs,  which  has  previously  been  found  to  powerfully  modulate 
GABAergic  inhibition  in  the  BLA  and  mitigate  anxiety-like  behavior.  To  accomplish  this 
aim  we  will  use  whole-cell  patch  clamp  to  examine  the  long-term  alterations  in 
GABAergic  synaptic  transmission  and  alterations  to  a,7-nAChR  mediated  enhancement 
of  inhibitory  synaptic  transmission. 

Because  victims  of  nerve  agent  attacks  report  ongoing  neuropsychiatric  deficits, 
including  anxiety  disorders,  long  after  the  initial  attack,  it  is  essential  that  safe  and 
efficacious  treatments  are  developed  to  mitigate  these  illnesses.  To  date,  the  mechanisms 
underlying  the  neuropsychiatric  deficits  are  not  known.  However,  our  results  will  provide 
conclusive  evidence  that  the  BLA  plays  a  central  role  in  seizure  generation  after  nerve 
agent  intoxication.  In  addition,  our  results  will  demonstrate  that  pathological  and 
pathophysiological  alterations  to  the  BLA  will  lead  to  reduced  inhibition,  increased 
excitation,  and  subsequently,  long-lasting  increases  in  anxiety-like  behavior.  Establishing 
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the  mechanisms  underlying  the  progression  of  alterations  that  occur  after  nerve  agent 
exposure  will  provide  for  novel  treatments  to  reduce  or  mitigate  these  alterations  and 
improve  therapeutic  outcome  for  those  exposed  to  a  nerve  agent. 
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Abstract 


Exposure  to  nerve  agents  induces  intense  seizures  (status  epilepticus,  SE),  which 
cause  brain  damage  or  death.  Identification  of  the  brain  regions  that  are  critical  for 
seizure  initiation  after  nerve  agent  exposure,  along  with  knowledge  of  the  physiology  of 
these  regions,  can  facilitate  the  development  of  pretreatments  and  treatments  that  will 
successfully  prevent  or  limit  the  development  of  seizures  and  brain  damage.  It  is  well- 
established  that  seizure  initiation  is  due  to  excessive  cholinergic  activity  triggered  by  the 
nerve  agent-induced  irreversible  inhibition  of  acetylcholinesterase  (AChE).  Therefore, 
the  reason  that  when  animals  are  exposed  to  lethal  doses  of  a  nerve  agent,  a  small 
proportion  of  these  animals  do  not  develop  seizures,  may  have  to  do  with  failure  of  the 
nerve  agent  to  inhibit  AChE  in  brain  areas  that  play  a  key  role  in  seizure  initiation  and 
propagation.  In  the  present  study,  we  compared  AChE  activity  in  the  basolateral 
amygdala  (BLA),  hippocampus,  and  piriform  cortex  of  rats  that  developed  SE  (SE  rats) 
after  administration  of  the  nerve  agent  soman  (154  pg/kg)  to  AChE  activity  in  these  brain 
regions  of  rats  that  received  the  same  dose  of  soman  but  did  not  develop  SE  (no-SE  rats). 
The  levels  of  AChE  activity  were  measured  at  the  onset  of  SE  in  SE  rats,  30  min  after 
soman  administration  in  no-SE  rats,  as  well  as  in  controls,  which  received  saline  in  place 
of  soman.  In  the  control  group,  AChE  activity  was  significantly  higher  in  the  BLA 
compared  to  the  hippocampus  and  piriform  cortex.  Compared  to  controls,  AChE  activity 
was  dramatically  lower  in  the  hippocampus  and  the  piriform  cortex  of  both  the  SE  rats 
and  the  no-SE  rats,  but  AChE  activity  in  the  BLA  was  reduced  only  in  the  SE  rats. 
Consistent  with  the  notion  that  soman-induced  neuropathology  is  due  to  intense  seizures, 
rather  than  due  to  a  direct  neurotoxic  effect  of  soman,  no-SE  rats  did  not  present  any 
neuronal  loss  or  degeneration,  7  days  after  exposure.  The  results  suggest  that  inhibition  of 
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AChE  activity  in  the  BLA  is  necessary  for  the  generation  of  seizures  after  nerve  agent 
exposure,  and  provide  strong  support  to  the  view  that  the  amygdala  is  a  key  brain  region 
for  the  induction  of  seizures  by  nerve  agents. 


Keywords:  Acetylcholinesterase,  Soman,  Status  Epilepticus,  Basolateral  Amygdala, 
Piriform  Cortex,  Hippocampus 
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Introduction 


Organophosphorus  nerve  agents  are  among  the  most  toxic  of  the  chemical  warfare 
agents.  Their  primary  mechanism  of  action  is  the  irreversible  inhibition  of 
acetylcholinesterase  (AChE),  which  produces  an  accumulation  of  acetylcholine  and 
overstimulation  of  cholinergic  receptors;  an  important  consequence  is  the  initiation  of 
brain  seizures,  which  rapidly  progress  to  status  epilepticus  (SE),  causing  profound  brain 
damage  or  death  ( 177). 

Identifying  which  brain  regions  are  primarily  responsible  for  seizure  initiation  and 
propagation  after  exposure  to  a  nerve  agent,  along  with  know  ledge  of  the  biochemistry 
and  physiology  of  these  regions,  may  facilitate  the  development  of  effective 
pharmacological  treatments  that  will  prevent  or  limit  seizures  and  the  associated  brain 
damage  during  exposure.  Previous  studies  have  suggested  that  the  amygdala,  a  seizure- 
prone  limbic  structure  (20),  plays  a  central  role  in  the  generation  of  seizures  by  nerve 
agents  (19).  Thus,  the  amygdala  displays  the  earliest  increase  in  extracellular  glutamate 
after  exposure  to  soman  ( 147),  generates  ictal-like  discharges  after  in  vitro  application  of 
soman  (15),  and  suffers  very  severe  nerve  agent-induced  damage  (17;  255).  Moreover, 
microinjection  of  nerve  agents  into  different  brain  regions  can  elicit  convulsions  only 
when  the  nerve  agent  is  injected  into  the  basolateral  nucleus  of  the  amygdala  (BLA; 

(175).  Others,  however,  have  argued  that  brain  regions  other  than  the  amygdala, 
including  the  piriform  cortex  and  the  hippocampus,  are  likely  seizure  initiators  after 
nerve  agent  exposure  (195). 

When  lethal  doses  of  a  nerve  agent  are  administered  to  experimental  animals,  a 
small  percentage  of  these  animals  do  not  develop  SE.  This  could  be  due  to  failure  of 
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soman  to  sufficiently  inhibit  AChE  in  brain  regions  that  play  a  key  role  in  seizure 
initiation.  Therefore,  to  gain  some  insight  into  the  involvement  of  different  brain  regions 
in  seizure  generation  after  nerve  agent  exposure,  in  the  present  study  we  compared  the 
extent  of  AChE  inhibition  at  the  onset  of  SE  in  the  brains  of  rats  exposed  to  the  nerve 
agent  soman,  to  the  AChE  inhibition  in  rats  that  received  the  same  dose  of  soman  but  did 
not  develop  SE.  We  found  that  in  both  groups,  AChE  was  significantly  inhibited  in  the 
piriform  cortex  and  the  hippocampus,  but  only  in  the  group  that  developed  SE  was  AChE 
inhibited  also  in  the  BLA. 

Materials  and  Methods 
Animals 

Male,  Sprague-Dawley  rats  (Taconic  Farms,  Derwood,  MD),  weighing  150  to  200 
gr,  were  individually  housed  in  an  environmentally  controlled  room  (20-23°C,  ~44% 
humidity,  12-h  light/ 12-h  dark  cycle  [350-400  lux],  lights  on  at  6:00  am),  with  food 
(Harlan  Teklad  Global  Diet  2018,  18%  protein  rodent  diet;  Harlan  Laboratories; 
Indianapolis,  IN)  and  water  available  ad  libitum.  Cages  were  cleaned  weekly  (232).  All 
animal  experiments  were  conducted  according  to  the  Guide  for  the  Care  and  Use  of 
Laboratory  Animals  (Institute  of  Laboratory  Animal  Resources,  National  Research 
Council)  and  were  approved  by  the  U.S.  Army  Medical  Research  Institute  of  Chemical 
Defense  and  the  Uniformed  Services  University  of  the  Health  Sciences  Institutional 
Animal  Care  and  Use  Committees. 
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Soman  exposure 

Soman  (pinacoyl  methylphosphonofluoridate;  obtained  from  Edgcwood  Chemical 
Biological  Center,  Aberdeen  Proving  Ground,  MD,  USA)  was  diluted  in  cold  saline  and 
administered  via  a  single  subcutaneous  injection  (154  ^g/kg).  Following  exposure  to 
soman,  rats  were  monitored  for  signs  of  seizure  onset.  Rats  that  developed  SE  were 
sacrificed  at  the  onset  of  Stage  3  seizures  (see  (89),  according  to  the  Racine  scale  (236; 
237).  Stage  3  seizures  manifest  behaviorally  as  unilateral/bilateral  forelimb  clonus 
without  rearing,  straub  tail,  and  extended  body  posture,  and  coincide  with  the  initiation  of 
electrographically  monitored  SE,  as  determined  in  the  present  study  (see  below)  and  in 
previous  studies  (90;  150;  244).  When  1.4  x  LD^of  soman  is  administered  to  rats,  SE 
starts  within  5  to  15  min.  We  sacrificed  the  rats  at  the  onset  of  SE,  rather  than  at  a 
particular  time  point  after  soman  injection,  in  order  to  avoid  inter-subject  variability  in 
the  “time  from  the  onset  of  SE”,  but  also  because  we  were  interested  in  the  level  of  AChE 
activity  at  the  point  of  time  that  SE  starts.  Occasionally,  SE  takes  longer  than  15  min  to 
develop  (up  to  23  minutes,  in  our  observations).  Therefore,  in  order  to  be  certain  that  the 
rats  included  in  the  no-SE  group  were  not  “on  their  way”  to  develop  SE,  we  sacrificed 
those  rats  at  30  min  after  soman  administration.  Some  animals  from  both  groups  were 
sacrificed  seven  days  after  soman  intoxication  to  assess  neuronal  loss  and  degeneration. 
Rats  that  developed  SE  and  were  needed  for  neuropathology  studies  were  administered 
an  intramuscular  injection  of  atropine  sulfate  (2  mg/kg)  at  20  min  after  soman  injection  to 
increase  survival  rate  and  minimize  peripheral  toxic  effects. 
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Electrode  implantation  for  electroencephalographic  (EEG)  recordings 

A  group  of  rats  was  anesthetized  with  1.5-2%  isoflurane,  using  a  gas  anesthesia 
system  (Kent  Scientific,  Torrington,  CT).  Five  stainless  steel,  cortical  screw  electrodes 
were  stereotaxically  implanted  using  the  following  coordinates  (after  Paxinos  and 
Watson,  2005):  two  frontal  electrodes,  2.0  mm  posterior  from  bregma  and  2.5  mm  lateral 
from  the  midline;  two  parietal  electrodes,  5.0  mm  posterior  from  bregma  and  2.5  mm 
lateral  from  the  midline;  a  cerebellar  reference  electrode  was  implanted  1.0  mm  posterior 
to  lambda  (Figure  1C).  Each  screw  electrode  (Plastics  One  Inc.,  Roanoke,  VA,  USA)  was 
placed  in  a  plastic  pedestal  (Plastics  One  Inc.)  and  fixed  to  the  skull  with  dental  acrylic 
cement.  For  EEG  recordings,  the  rats  were  placed  in  the  EEG  chamber,  and  connected  to 
the  EEG  system  (Stellate,  Montreal,  Canada;  200  Hz  sampling  rate).  Video-EEG 
recordings  were  performed  in  the  freely  moving  rats.  Recordings  were  visually  analyzed 
offline  with  filter  settings  at  0.3  Hz  for  the  low  frequency  filter,  60  Hz  for  the  notch  filter, 
and  70  Hz  for  the  high  frequency  filter,  using  the  Harmonie  Viewer  6.  le  from  Stellate 
(Montreal).  EEG  recordings  started  30  min  prior  to  soman  administration.  The 
appearance  of  large  amplitude,  repetitive  discharges  (>1  Hz  with  at  least  double  the 
amplitude  of  the  background  activity)  was  considered  to  signify  the  initiation  of  SE,  and 
coincided  with  Stage  3  behavioral  seizures. 

Acetylcholinesterase  activity  assay 

Total  AChE  activity  was  measured  using  a  previously  established 
spectrophotometric  protocol  (77;  213).  Briefly,  rats  were  anesthetized  with  3-5% 
isoflurane  and  rapidly  decapitated.  The  brain  was  removed  and  placed  in  ice-cold 
phosphate  buffer  (0. 1  M,  pH  8.0).  Coronal  brain  slices  (500  /<m-thick)  containing  the 
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BLA  (Bregma  -2.28  mm  to  -3.72  mm),  piriform  cortex  (Bregma  -1.72  mm  to  -3.00  mm), 
and  hippocampus  (Bregma  -2.28  mm  to  -4.68  mm)  were  cut  with  a  vibratome  (series 
1000;  Technical  Products  International,  St.  Louis,  MO).  The  three  structures  were 
isolated  by  hand,  and  placed  in  an  Eppendorf  tube  containing  1:20  Triton  +  phosphate 
buffer,  homogenized  for  10  s,  and  centrifuged  at  14,000g  for  5  min.  The  supernatant  was 
removed  and  placed  into  a  separate  container.  On  the  day  of  sampling,  a  glutathione 
curve  was  constructed  by  adding  glutathione  (1  -  IOjaL)  to  DTNB  [5,5’-dithio-bis(2- 
nitrobenzoic  acid)]  (up  to  200  pi L;  (213)).  Tissue  supernatants  ( 10  piL  per  well)  were 
added  to  either  10  piL  eserine  (an  all-purpose  cholinesterase  inhibitor  that  inhibits  both 
butyrylcholinesterase  and  acetylcholinesterase)  or  ethoprozine  (a  specific 
butyrylcholinesterase  inhibitor),  all  in  the  presence  of  acetylthiocholine  (5 ptL)  and  175 
piL  DTNB  (all  purchased  from  Sigma-Aldrich,  St.  Louis;  MO).  Samples  were  read  by  the 
Softmax  Pro  5.2  kinetics  every  20  s  for  4  min.  The  total  butyrylcholinesterase  inhibition 
was  subtracted  from  the  absorbance  sample  to  provide  a  difference  score,  which  was 
multiplied  by  the  slope  and  intercept  to  provide  a  total  concentration  of  AChE  activity. 
AChE  specific  activity  was  calculated  by  dividing  the  total  activity  by  the  calculated 
protein  concentration  assayed  by  the  Bradford  method  (see  (38)  using  a  protein  assay  dye 
reagent  (Bio-Rad,  Hercules,  CA). 

Neuropathology  assessments 
Fixation  and  tissue  processing 

Seven  days  after  soman  exposure  rats  were  deeply  anesthetized  with  pentobarbital 
(75-100  mg/kg,  i.p.)  and  transcardially  perfused  with  PBS  (100  mL)  followed  by  4% 
paraformaldehyde  (200  mL).  Brains  were  removed  and  post-fixed  in  4% 
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paraformaldehyde  overnight  at  4°C  then  transferred  to  a  solution  of  30%  sucrose  in  PBS 
for  72  h,  and  frozen  with  dry  ice  before  storage  at  -80°C  until  sectioning.  Sectioning  was 
performed  as  previously  described  (90).  A  1  -in-5  series  of  sections  from  the  rostral  extent 
of  the  amygdala  to  the  caudal  extent  of  the  entorhinal  cortex  was  cut  at  40  /rm  on  a 
sliding  microtome  (Leica  Microsystems  SM2000R).  One  series  of  sections  was  mounted 
on  slides  (Superfrost  Plus,  Daigger,  Vernon  Hils,  IL)  for  Nissl  staining  with  cresyl  violet, 
while  the  adjacent  scries  of  sections  were  mounted  on  slides  for  Fluro-Jade-C  (FJC) 
staining. 

Stereological  quantification 

Design-based  stereology  (Kristiansen  and  Nyengaard,  2012)  was  performed  as 
previously  described  (90)  to  quantify  neuronal  loss  on  Nissl-stained  sections  from  the 
BLA  and  the  CA1  hippocampal  area  along  the  rostrocaudal  extent  of  the  hippocampus. 
The  BLA  and  CA1  regions  were  identified  on  slide-mounted  sections  under  a  2.5x 
objective,  based  on  the  atlas  of  Paxinos  and  Watson  (220).  Sampling  was  performed 
under  a  63x  oil-immersion  objective.  Nissl-stained  neurons  were  distinguished  from  glial 
cells  by  their  larger  size  and  pale  nuclei  surrounded  by  darkly-stained  cytoplasm 
containing  Nissl  bodies.  The  total  number  of  Nissl-stained  neurons  was  estimated  using 
the  optical  fractionator  probe,  and,  along  with  the  coefficient  of  error  (CE),  was 
calculated  using  the  Stereo  Investigator  9.0  (MicroBrightField,  Williston,  VT).  The  CE 
was  calculated  by  the  software  according  to  Gundersen  (m  =  1 ;  ( 108))  and  Schmitz-Hof 
(2nd  estimation;  (247))  equations. 

A  l-in-5  series  of  sections  (~7  sections  per  rat)  was  analyzed  for  Nissl-stained 
neurons  in  the  BLA.  The  counting  frame  was  35  x  35  /rm,  the  counting  grid  was  190  x 
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190  pm,  and  the  dissector  height  was  12  pm.  Nuclei  were  counted  when  the  cell  body 
came  into  focus  within  the  dissector,  which  was  placed  2  pm  below  the  section  surface. 
An  average  of  242  neurons  per  rat  were  counted,  and  the  average  CE  was  0.05  for  both 
the  Gundersen  and  Schmitz-Hof  equations.  A  1-in- 10  series  of  sections  (~8  sections  per 
rat)  was  analyzed  for  Nissl-stained  neurons  in  the  CA1  region  of  the  hippocampus.  The 
counting  frame  was  20  x  20  pm,  the  counting  grid  was  250  x  250 pm,  and  the  dissector 
was  10  pm.  An  average  of  232.6  neurons  per  rat  were  counted,  and  the  average  CE  was 
0.05  for  Gundersen  (m  =  1)  and  0.06  for  Schmitz-hof  (2nd  Estimation)  equation.  For  both 
the  BLA  and  CA 1  regions,  section  thickness  was  measured  at  every  counting  site 
(averaging  18  pm  and  19  pm  for  the  BLA  and  CA1,  respectively). 

Fluoro-Jade  C  (FJC)  staining 

FJC  (Histo-Chem,  Jefferson,  AR)  was  used  to  identify  irreversibly  degenerating 
neurons  (248)  in  the  amygdala,  piriform  cortex,  entorhinal  cortex,  hippocampal  subfields 
CA1,  CA3,  and  hilus,  as  well  as  neocortex  (between  coordinates  -1.72  and  -6.60  from 
bregma,  extending  from  the  retrosplenial  cortex  to  the  ectorhinal  cortex  in  the  medial  to 
lateral  direction,  based  on  the  atlas  of  Paxinos  and  Watson,  2005).  Qualitative 
assessments  were  made  from  6  brain  sections  per  animal,  600  pm  apart,  and  the  average 
derived  from  3  to  6  sections  per  brain  structure  was  used.  Mounted  sections  were  treated 
as  previously  described  (90)  and  stained  in  a  0.0001%  solution  of  FJC  dissolved  in  0. 1% 
acetic  acid.  Tracings  from  the  Nissl-stained  sections  were  superimposed  on  the  FJC- 
stained  sections  using  the  Stereo  Investigator  9.0  (MicroBrightField,  Williston,  VT).  A 
previously  established  rating  system  was  used  to  score  the  extent  of  neuronal 
degeneration  in  each  structure  and  substructures:  0  =  no  damage;  1  =  minimal  damage  (1- 
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10%);  2  =  mild  damage  (11-25%);  3  =  moderate  damage  (26-45%);  and  4  =  severe 
damage  (>45%;  (16;  90).  We  have  shown  previously  that  this  qualitative  scoring  method 
produces  results  very  similar  to  those  derived  from  quantitative  analysis  (234). 

Statistical  analysis 

Data  analysis  for  the  AChE  activity  assay  was  performed  using  either  a  repeated 
measures  ANOVA  and  paired  t-tests  or  a  Welch  F  ANOVA  with  a  Games-Howell  post 
hoc.  Welch  F  ANOVA  was  used  due  to  the  lack  of  homogeneity  of  variance;  the  source 
of  variance  was  primarily  from  the  no-SE  group.  Statistical  differences  in  neuronal  loss 
between  the  groups  were  determined  using  independent  t-tests.  All  data  are  presented  as 
mean  ±  standard  error.  Statistical  analyses  were  made  using  the  software  package  PAWS 
SPSS  20  (IBM,  Armonk,  NY,  USA).  Differences  were  considered  significant  when  p  < 
0.05.  Sample  size  “n”  refers  to  the  number  of  animals. 

Results 

Forty-six  rats  were  implanted  with  electrodes  for  EEG  recordings.  After  a  two- 
week  recovery,  the  rats  were  administered  soman.  Eleven  of  these  rats  did  not  display 
seizures,  while  the  remaining  35  rats  developed  SE.  Figure  1  shows  an  example  of  EEG 
activity  at  the  onset  of  SE,  in  comparison  to  the  EEG  activity  in  a  rat  that  did  not  develop 
seizures  after  soman  injection.  The  electrode-implanted  rats  were  not  used  for  analysis  of 
AChE  activity  or  neuropathology  evaluation,  to  avoid  any  confounding  variable  related  to 
the  surgery  affecting  the  parameters  studied. 

Soman  was  also  administered  to  72  rats  that  were  not  implanted  with  EEG 
electrodes.  Sixty  of  these  rats  displayed  stage  3  seizures  (which  coincide  with  the 
initiation  of  SE;  see  Figure  3  and  (90;  150;  244))  within  5  to  15  min  after  soman 
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exposure,  while  12  rats  did  not  progress  above  stage  1  (behavioral  arrest)  or  stage  2  (oral/ 
facial  movements,  chewing,  head  nodding).  For  the  present  study,  we  used  all  12  rats  that 
did  not  develop  SE  (no-SE  group),  and  we  randomly  selected  another  12  rats  from  the 
group  that  developed  SE  (SE  group);  the  remaining  rats  were  used  in  different  studies  ( 16 
of  the  60  rats  that  developed  SE  died).  Seven  rats  from  the  SE  group  were  sacrificed  at 
the  onset  of  Stage  3  seizures  (8.7  ±1.2  min  after  soman  injection)  for  measurements  of 
AChE  activity;  the  remaining  5  rats  from  this  group  were  used  for  neuropathology 
studies,  7  days  later.  From  the  no-SE  group,  7  rats  were  sacrificed  at  30  min  after  soman 
exposure,  and  5  rats  were  used  to  study  neuropathology.  Rats  injected  with  saline  in  place 
of  soman  were  used  for  control  measurements. 
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Figure  3  Comparison  of  EEG  activity  in  two  rats  exposed  to  the  same  dose  of  soman  (154 
pg/kg).  In  rat  (A),  seizure  activity  appeared  within  1 1  min  after  soman  injection. 
The  arrow  points  to  the  time  point  that  the  animal  behavior  was  consistent  with 
stage  3  seizures.  In  rat  (B),  there  was  no  evidence  of  seizure  activity  in  any  of 
the  4  electrodes  at  the  same  time  point  as  in  (A),  or  30  min  after  administration 
of  soman.  (C),  Diagrammatic  presentation  of  electrode  placement.  The  numbers 
1, 2,  3,  4  refer  to  the  electrodes/sites  from  where  electrical  activity  was  sampled 
(1,  left  frontal;  2,  right  frontal;  3,  left  parietal;  4,  right  parietal;  the  reference 
electrode  is  in  the  cerebellum). 


In  the  control  group,  AChE  activity  in  the  BLA  was  approximately  2-  and  2.5- 
fold  higher  than  the  AChE  activity  in  the  piriform  cortex  (p  =  0.001)  and  hippocampus  (p 
<  0.001),  respectively  (Figure  4).  In  the  SE  group,  AChE  activity  was  significantly 
reduced  in  all  three  brain  regions  {p  <  0.001);  in  the  BLA,  AChE  activity  was  reduced  by 
95.2  ±  7.0%  (68.8  ±  10.2  nmol/min/ng  in  the  SE  group  versus  1451.1  ±  101.2 
nmol/min/ng  in  the  control  group),  in  the  piriform  cortex  by  99.6  ±  10.9%  (2.8  ±  0.8 
nmol/min/ng  in  the  SE  group  versus  660.2  ±  71 .7  nmol/min/ng  in  the  controls),  and  in  the 
hippocampus  by  99.3  ±  5.7%  (4.1  ±  0.3  nmol/min/ng  in  the  SE  group  versus  590.6  ±  33.4 
nmol/min/ng  in  the  controls)  (Figure  4).  In  the  no-SE  group,  the  variability  in  AChE 
activity  was  high.  This  is  not  surprising  since  some  of  the  animals  in  this  group  showed 
no  behavioral  changes,  while  others  displayed  chewing  behaviors,  consistent  with  Stage  1 
seizures  on  the  Racine  scale,  or  head  nodding,  consistent  with  Stage  2  seizures.  This 
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variability  in  the  behavioral  responses  was  probably  due  to  the  variability  in  the  extent  of 
AChE  inhibition  by  soman,  which  was  reflected  in  our  measurements.  AChE  activity  in 
the  piriform  cortex  (85.9  ±  42.7  nmol/min/ng)  of  the  no-SE  group  was  reduced  by  87.0 
±  12.6%  in  comparison  to  the  control  group,  and  in  the  hippocampus  (46.7  ±  30.7 
nmol/min/ng)  it  was  reduced  by  92.1  ±  7.7%  {p  <  0.001  for  both  regions).  However,  in 
the  BLA  of  the  no-SE  group,  AChE  activity  (1 140.3  ±  260.7  nmol/min/ng)  was  reduced 
by  only  21.4  ±  19.3%  compared  to  the  control  group  (p  =  0.535;  Figure  4).  When  AChE 
activity  was  compared  between  the  SE  group  and  the  no-SE  group,  there  was  no 
significant  difference  in  the  piriform  cortex  (p  =  0.206)  or  the  hippocampus  (p  =  0.404), 
while  in  the  BLA,  AChE  was  significantly  lower  in  the  SE  group  (p  =  0.01 5). 
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Figure  4  Reduction  of  brain  AChE  activity  after  exposure  to  soman.  The  “raw  data”  of 
AChE  activity  are  shown  in  (A),  while  the  data  are  expressed  as  percent  of  the 
control  mean  in  (B).  Soman-exposed  rats  that  developed  SE  (SE  group,  n  =  7) 
were  sacrificed  at  the  onset  of  Stage  3  seizures.  These  rats  had  significantly 
reduced  AChE  activity  in  all  three  regions  examined,  compared  to  controls  (n  = 
7).  Soman-exposed  rats  that  did  not  develop  SE  (no-SE  group,  n  =  7)  were 
sacrificed  at  30  min  after  soman  exposure.  These  rats  had  significantly  reduced 
AChE  activity  in  the  piriform  cortex  and  hippocampus,  but  not  in  the  BLA  ip  = 
0.535).  ***p  <  0.001  compared  to  the  control  group.  #p  <  0.05  for  the  difference 
between  the  SE  group  and  the  no-SE  group. 
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Seven  days  after  soman  administration,  SE  rats  had  significantly  fewer  neurons  in 
the  BLA  (77,122  ±1,417)  and  CA1  (348,986  ±  16,427)  compared  with  the  number  of 
neurons  in  the  BLA  (1 17,292  ±  5,810)  and  CA1  (565,313  ±  16,152)  of  the  no-SE  rats. 
The  number  of  neurons  in  the  no-SE  group  did  not  differ  from  that  of  the  controls  (BLA, 

1 15,108  ±  4,043;  CA1  556,603  ±  14,559),  whereas  SE  rats  had  a  33%  and  37%  neuronal 
loss  in  the  BLA  and  CA1,  respectively,  compared  to  the  control  group  (Figure  5). 
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Figure  5  Neuronal  loss  in  rats  that  developed  SE  versus  rats  that  did  not  develop  SE  after 
soman  exposure.  (A)  Panoramic  photomicrographs  of  Nissl-stained  sections  of 
half  hemispheres,  outlining  the  BLA  and  the  CA1  hippocampal  subfield  where 
stereological  analysis  was  performed  (red  highlight).  (B)  Representative 
photomicrographs  of  Nissl-stained  sections  showing  BLA  and  CA1  cells  from  a 
control  rat,  a  SE  rat,  and  a  no-SE  rat.  Total  magnification  is  63x  and  scale  bar  is 
50  pm.  (C)  Group  data  of  stereological  estimation  of  the  total  number  of  Nissl- 
stained  neurons  in  the  BLA  (left)  and  CA1  (right),  expressed  as  percent  of  the 
control  (n  =  6).  Significant  neuronal  loss  was  present  in  SE  rats  (n  =  5),  while 
there  was  no  neuronal  loss  in  the  no-SE  rats  (n  =  5);  ***p  <  0.001. 
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Neuronal  degeneration  in  the  SE  group  was  moderate  to  severe  in  the  amygdala 
(3.24  ±  0.3),  piriform  cortex  (3.38  ±  0.2),  and  the  hilus  (3.26  ±  0.4)  of  the  hippocampus, 


mild  to  moderate  in  neocortex  (2.24  ±  0.13),  CA1  hippocampal  area  (2.80  ±  0.4),  and 


CA3  hippocampal  area  (2.10  ±  0.4),  and  mild  in  entorhinal  cortex  (1.7  ±  0.3).  There  were 
no  degenerating  neurons  in  the  no-SE  group  and  the  controls  (Figure  6). 


Figure  6  Neuronal  degeneration  in  rats  that  developed  SE  versus  rats  that  did  not  develop 
SE  after  soman  exposure.  (A)  and  (B)  Panoramic  photomicrographs  of  Nissl- 
stained  sections  showing  the  brain  regions  from  where  the  FJC 
photomicrographs  shown  in  C  were  taken.  (C)  Representative  photomicrographs 
of  FJC-stained  sections  from  the  brain  regions  where  neuronal  degeneration  was 
evaluated,  for  the  SE  and  the  no-SE  groups.  Total  magnification  is  lOOx  and 
scale  bar  is  50  pm.  (D)  Neurodegeneration  scores  for  the  amygdala  (Amy), 
piriform  cortex  (Pir),  entorhinal  cortex  (Ent),  CA1  and  CA3  hippocampal 
subfields,  hilus,  and  neocortex  (neo-Ctx),  in  the  SE  group  and  the  no-SE  group 
(n  =  5  for  each  group). 
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Discussion 


Previous  studies  have  suggested  that  the  amygdala  plays  a  prominent  role  in  the 
generation  of  seizures  by  nerve  agent  exposure  (15;  17;  147;  175;  255).  The  present 
findings  provide  strong  support  for  this  view.  We  demonstrated  that  soman  exposure 
dramatically  reduces  AChE  activity  in  the  hippocampus  and  piriform  cortex,  but  SE 
develops  only  in  rats  where  AChE  is  also  reduced  in  the  BLA.  These  results  suggest  that 
inhibition  of  AChE  in  the  BLA  after  soman  exposure  is  necessary  to  raise  the 
hyperexcitability  level  to  the  point  of  seizure  generation  and  propagation. 

The  results  from  the  AChE  activity  measurements  in  the  no-SE  rats  imply  that 
AChE  inhibition  in  the  hippocampus  and  piriform  cortex  does  not  increase  excitability 
sufficiently  for  seizure  generation;  or,  even  if  some  local  seizure  activity  was  induced  in 
either  region,  it  was  not  propagated  to  other  brain  areas  to  culminate  in  SE.  These  results 
are  consistent  with  previous  studies  showing  that  the  nerve  agent  VX,  or  soman  in 
combination  with  carbachol  or  lithium  chloride-pretreatment  were  not  able  to  induce 
convulsions  when  microinjected  into  the  piriform  cortex,  the  hippocampus,  or  other  brain 
regions.  However,  when  these  nerve  agents  were  microinjected  into  the  BLA, 
convulsions  were  elicited  (175),  suggesting  that  nerve  agent-induced  initiation  of  seizure 
activity  in  the  BLA  may  be  sufficient  to  trigger  convulsive  SE.  The  present  study 
reinforces  and  complements  these  findings  by  showing  that  only  when  AChE  activity  in 
the  BLA  was  significantly  reduced  by  soman,  SE  developed.  Taken  together,  the  study  of 
McDonough  et  al.  (1987)  and  the  present  study  suggest  that  AChE  inhibition  and 
initiation  of  seizures  in  the  BLA  may  be  both  necessary  and  sufficient  for  seizure 
propagation  and  induction  of  SE. 
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The  ability  of  the  BLA  to  propagate  seizures  is  well-known  (20;  188;  287;  288). 
But  it  is  also  possible  that  the  cholinergic  system  has  a  more  significant  role  in  the 
regulation  of  the  excitability  of  the  BLA,  compared  to  the  hippocampus  and  piriform 
cortex,  and  thus  cholinergic  hyperactivity  in  the  BLA  is  more  likely  to  produce 
hyperexcitability  and  seizures.  The  exceptionally  dense  cholinergic  innervation  of  the 
BLA  (183),  its  markedly  high  concentration  of  AChE  ((31)  and  present  study),  and  the 
high  expression  of  muscarinic  receptors  -  which  play  a  primary  role  in  seizure  initiation 
by  nerve  agents  (264)  -  on  BLA  pyramidal  cells  (173),  may  be  attesting  to  the 
prominent  role  that  the  cholinergic  system  plays  in  the  regulation  of  the  BLA  excitability. 
Why  AChE  activity  in  the  BLA  of  the  no-SE  rats  was  not  significantly  inhibited  remains 
to  be  determined.  Perhaps  these  rats  express  greater  amounts  of  the  enzyme,  or  there  may 
be  other  factors  that  make  AChE  in  the  BLA  of  the  no-SE  rats  less  susceptible  to 
phosphorylation  and  inhibition  by  nerve  agents. 

The  present  findings  do  not  imply  that  soman-induced  inhibition  of  AChE  in  brain 
regions  other  than  the  BLA  is  unimportant  for  seizure  initiation  and  the  development  of 
SE;  most  likely,  inhibition  of  AChE  simultaneously  in  many  brain  regions  facilitates  the 
development  of  SE.  Our  data  also  do  not  exclude  the  possibility  that  in  the  no-SE  rats, 
soman  failed  to  inhibit  AChE  activity  in  other  brain  regions  -  in  addition  to  the  BLA  - 
which  were  not  examined  in  this  study,  and  may  be  important  for  the  development  of  SE 
(see  ( 1 95)).  Nevertheless,  along  with  previous  studies  (15;  17;  147;  1 75),  the  data 
presented  here  provide  compelling  evidence  for  a  key  role  of  the  BLA  in  the  initiation 
and  spread  of  seizures  after  nerve  agent  exposure. 
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Soman  reached  the  brain  in  the  no-SE  rats,  as  evidenced  by  the  significant 
reduction  of  AChE  in  the  piriform  cortex  and  the  hippocampus.  However,  there  was  no 
neuropathology  present  in  these  rats,  as  studied  7  days  after  soman  exposure.  Together 
with  previous  studies  (117;  175;  178;  255),  these  data  support  the  view  that 
neuropathology  is  caused  by  the  nerve  agent-induced  seizures,  and  not  by  a  direct 
neurotoxic  effect  of  the  nerve  agent,  as  thought  initially  (221).  Nevertheless,  others  have 
found  that  after  a  subconvulsive  dose  of  soman,  brain  lesions  are  present  at  1  month,  and 
become  more  pronounced  at  3  months  after  exposure  (131).  Thus,  more  research  is 
needed  for  a  definitive  conclusion  regarding  the  long-term  effects  of  soman  on  brain 
pathology  that  are  independent  of  seizures. 

The  present  study  emphasizes  the  important  role  of  the  amygdala  in  seizure 
generation  and  propagation,  as  well  as  the  important  role  of  the  cholinergic  system  in  the 
regulation  of  amygdala’s  excitability.  In  addition,  the  knowledge  that  the  amygdala  is  a 
key  brain  region  for  induction  of  SE  by  nerve  agents,  along  with  knowledge  of 
amygdala’s  biochemistry  and  physiology,  may  contribute  to  the  development  of 
treatments  or  pretreatments  that  are  designed  to  prevent  AChE  inhibition  particularly  in 
the  amygdala,  or  to  suppress  primarily  those  mechanisms  that  play  a  prominent  role  in 
amygdala’s  excitability  and  hyperexcitability,  in  order  to  efficaciously  prevent  or  limit 
seizures  and  the  associated  brain  damage  after  nerve  agent  exposure. 
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Abstract 


Organophosphorus  nerve  agents  are  powerful  neurotoxins  that  irreversibly  inhibit 
acetylcholinesterase  (AChE)  activity.  One  of  the  consequences  of  AChE  inhibition  is  the 
generation  of  seizures  and  status  epilepticus  (SE),  which  cause  brain  damage,  resulting  in 
long-term  neurological  and  behavioral  deficits.  Increased  anxiety  is  the  most  common 
behavioral  abnormality  after  nerve  agent  exposure.  This  is  not  surprising  considering  that 
the  amygdala,  and  the  basolateral  nucleus  of  the  amygdala  (BLA)  in  particular,  plays  a 
central  role  in  anxiety,  and  this  structure  suffers  severe  damage  by  nerve  agent-induced 
seizures.  In  the  present  study,  we  exposed  male  rats  to  lethal  doses  of  the  nerve  agent 
soman,  and  determined  the  time  course  of  recovery  of  AChE  activity,  along  with  the 
progression  of  neuropathological  and  pathophysiological  alterations  in  the  BLA,  during  a 
30-day  period  after  exposure.  Measurements  were  taken  at  24  hours,  7  days,  14  days,  and 
30  days  after  exposure,  and  at  14  and  30  days,  anxiety-like  behavior  was  also  evaluated. 
We  found  that  more  than  90%  of  AChE  is  inhibited  at  the  onset  of  SE,  and  AChE 
inhibition  remains  at  this  level  24  hours  later,  in  the  BLA,  as  well  as  in  the  hippocampus, 
piriform  cortex,  and  prelimbic  cortex,  which  we  analyzed  for  comparison.  AChE  activity 
recovered  by  day  7  in  the  BLA  and  day  14  in  the  other  three  regions.  Significant  neuronal 
loss  and  neurodegeneration  were  present  in  the  BLA  at  24  hours  and  throughout  the  30- 
day  period.  There  was  no  significant  loss  of  GABAergic  intemeurons  in  the  BLA  at  24 
hours  post-exposure.  However,  by  day  7,  the  number  of  GABAergic  intemeurons  in  the 
BLA  was  reduced,  and  at  14  and  30  days  after  soman,  the  ratio  of  GABAergic 
intemeurons  to  the  total  number  of  neurons  was  lower  compared  to  controls.  Anxiety-like 
behavior  in  the  open-field  and  the  acoustic  startle  response  tests  was  increased  at  14  and 
30  days  post-exposure.  Accompanying  pathophysiological  alterations  in  the  BLA  - 
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studied  in  in  vitro  brain  slices  -  included  a  reduction  in  the  amplitude  of  field  potentials 
evoked  by  stimulation  of  the  external  capsule,  along  with  prolongation  of  their  time 
course  and  an  increase  in  the  paired-pulse  ratio.  Long-term  potentiation  was  impaired  at 
24  hours,  7  days,  and  14  days  post-exposure.  The  loss  of  GABAergic  interneurons  in  the 
BLA  and  the  decreased  intemeuron  to  total  number  of  neurons  ratio  may  be  the  primary 
cause  of  the  development  of  anxiety  after  nerve  agent  exposure. 

Keywords:  Soman,  Status  Epilepticus,  Basolateral  Amygdala,  Acetylcholinesterase, 
Anxiety,  Long-Term  Potentiation 
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Introduction 


Nerve  agents  are  organophosphorus  compounds  that  exert  their  toxic  effects  by 
rapidly  and  irreversibly  inhibiting  acetylcholinesterase  (AChE)  activity  (24;  27;  110;  256; 
263).  In  the  brain,  the  resulting  increase  of  acetylcholine  and  overstimulation  of 
cholinergic  receptors  raises  the  excitation  level  to  the  point  of  seizure  generation,  and 
gives  way  to  excessive  activation  of  the  glutamatergic  system,  which  sustains  and 
intensifies  seizure  activity  (status  epilepticus,  SE),  causing  profound  brain  damage  (177; 
222).  If  death  is  prevented,  long-term  behavioral  impairments  may  ensue  due  to  brain 
pathologies  (61;  91). 

Five  years  after  the  attacks  with  the  nerve  agent  sarin  in  Matsumoto  and  Tokyo, 
individuals  exposed  to  sarin  reported  persistent  increases  in  symptoms  that  characterize 
anxiety  disorders,  including  irritability  and  restlessness,  avoidance  of  places  that 
triggered  recollection  of  the  trauma,  tension,  and  insomnia  (209;  296).  Electrographic 
abnormalities  indicative  of  epileptic  activity  were  also  present  in  exposed  individuals 
(194;  205;  296).  In  animal  models,  exposure  to  nerve  agents  also  results  in  long-term 
increases  in  anxiety  and  fear-like  behaviors  (61;  91;  150;  165;  187),  as  well  as  in  the 
appearance  of  spontaneous  recurrent  seizures  (68).  The  progression  of  pathological  and 
pathophysiological  alterations  leading  to  these  persistent  behavioral  and  neurological 
abnormalities  has  not  yet  been  elucidated.  A  better  understanding  of  these  alterations  and 
the  time  course  of  their  occurrence  may  allow  for  the  development  of  treatment 
interventions  that  will  prevent  or  minimize  long-term  neurological  and  behavioral 
deficits. 
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The  amygdala  is  well  recognized  for  its  central  role  in  emotional  behavior  (223), 
and  the  basolateral  nucleus  of  the  amygdala  (BLA),  in  particular,  is  closely  associated 
with  the  generation  and  expression  of  anxiety  and  fear  (67;  82;  152);  a  common  feature 
of  anxiety  disorders  is  hyperexcitability  in  the  BLA  (239;  282).  In  addition,  evidence 
points  to  the  BLA  as  a  key  brain  region  for  seizure  initiation  and  propagation  after  nerve 
agent  poisoning  (175),  and  we  recently  found  that  after  exposure  to  the  nerve  agent 
soman,  SE  is  induced  only  when  AChE  activity  is  sufficiendy  inhibited  in  the  BLA  (230). 
The  BLA  is  also  one  of  the  most  severely  damaged  regions  after  nerve  agent-induced  SE 
(17;  19;  23;  49;  90;  255). 

Since  inhibition  of  AChE  is  the  primary  mechanism  of  nerve  agent  poisoning,  and 
sustained  cholinergic  dysregulation  of  the  BLA  may  alter  its  excitability  contributing  to 
behavioral  abnormalities,  in  the  present  study  we  examined  the  time  course  of  recovery 
of  AChE  activity  in  the  BLA;  for  comparison  with  other  brain  regions  that  may  play  an 
important  role  in  seizure  generation  and  propagation  after  nerve  agent  exposure  (195),  we 
also  measured  AChE  activity  in  the  piriform  cortex,  hippocampus,  and  prelimbic  cortex. 
In  addition,  we  investigated  the  progression  of  neuronal  loss  and  degeneration  in  the 
BLA,  during  a  30-day  period  after  soman  exposure.  To  gain  insight  into  the  impact  of  the 
neuropathology  on  emotional  behavior,  we  tested  for  the  presence  of  increased  anxiety  at 
14  and  30  days  after  soman-induced  SE,  and  correlated  the  behavioral  observations  with 
synaptic  alterations  in  the  BLA,  at  the  same  time  points. 
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Materials  and  Methods 


Animal  Model 

Experiments  were  performed  using  6-week  old  (150-200  g)  male,  Sprague- 
Dawley  rats  (Taconic  Farms,  Derwood,  MD).  Animals  were  individually  housed  in  an 
environmentally  controlled  room  (20-23°C,  ~44%  humidity,  12-h  light/12-h  dark  cycle 
[350-400  lux],  lights  on  at  6:00  am),  with  food  (Harlan  Teklad  Global  Diet  2018, 18% 
protein  rodent  diet;  Harlan  Laboratories;  Indianapolis,  IN)  and  water  available  ad  libitum. 
Cages  were  cleaned  weekly  and  animal  handling  was  minimized  to  reduce  animal  stress 
(232).  All  animal  experiments  were  conducted  following  the  Guide  for  the  Care  and  Use 
of  Laboratory  Animals  (Institute  of  Laboratory  Animal  Resources,  National  Research 
Council),  and  were  approved  by  the  U.S.  Army  Medical  Research  Institute  of  Chemical 
Defense  and  the  Uniformed  Services  University  of  the  Health  Sciences  Institutional 
Animal  Care  and  Use  Committees. 

Soman  administration  and  drug  treatment 

Soman  (pinacoyl  methylphosphonofluoridate;  obtained  from  Edgewood  Chemical 
Biological  Center,  Aberdeen  Proving  Ground,  MD,  USA)  was  diluted  in  cold  saline  and 
administered  via  a  single  subcutaneous  injection  (154  fi g/kg),  which,  based  on  previous 
studies,  is  an  approximate  dose  of  1 .4  x  LD*,  (89;  129).  Following  exposure  to  soman, 
rats  were  monitored  for  signs  of  seizure  onset,  and  continuously  rated  for  seizure  severity 
according  to  the  modified  Racine  Scale:  Stage  0,  no  behavioral  response;  Stage  1 , 
behavioral  arrest,  orofacial  movements,  chewing;  Stage  2,  head  nodding/myoclonus; 
Stage  3,  unilateral/bilateral  forelimb  clonus  without  rearing,  straub  tail,  extended  body 
posture;  Stage  4,  bilateral  forelimb  clonus  plus  rearing;  Stage  5,  rearing  and  falling;  Stage 
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6,  full  tonic  seizures  (236;  237).  Twenty  minutes  after  injection  of  soman,  rats  received 
an  intramuscular  (i  jn.)  injection  of  2  mg/kg  atropine  sulfate  (Sigma,  St.  Louis  MO),  a 
muscarinic  receptor  antagonist,  in  order  to  control  the  peripheral  effects  of  soman  and 
prevent  death  from  respiratory  suppression.  One  group  of  animals  was  sacrificed  at  the 
onset  of  Stage  3  seizures,  and  therefore  did  not  receive  atropine  sulfate.  Stage  3 
behavioral  seizures  have  previously  been  found  to  coincide  with  the  initiation  of 
electrographically  monitored  SE  (89;  150;  244).  The  control  groups  received  saline 
instead  of  soman  and  were  injected  with  atropine. 

Acetylcholinesterase  activity  assay 

Total  AChE  activity  was  measured  using  a  previously  established 
spectrophotometric  protocol  (77;  213),  in  animals  randomly  divided  into  control,  seizure 
onset,  1-,  7-,  14-,  and  30-day  groups.  Rats  were  anesthetized  with  3-5%  isoflurane  and 
rapidly  decapitated.  The  brain  was  removed  and  placed  in  ice-cold  phosphate  buffer  (0.1 
M,  pH  8.0).  Coronal  brain  slices  (500  //m-thick)  containing  the  prelimbic  cortex  (Bregma 
5.16  mm  to  2.52  mm),  BLA  (Bregma  -2.28  mm  to  -3.72  mm),  piriform  cortex  (Bregma  - 
1 .72  mm  to  -3.00  mm),  and  hippocampus  (Bregma  -2.28  mm  to  -4.68  mm)  were  cut 
using  a  vibratome  (series  1000;  Technical  Products  International,  St.  Louis,  MO). 
Structures  were  isolated  by  hand  and  placed  in  an  Eppendorf  tube  containing  1:20  Triton 
+  phosphate  buffer,  homogenized  for  10  seconds  and  centrifuged  at  14,000g  for  5  min. 
The  supernatant  was  removed  and  placed  into  a  separate  container.  On  the  day  of 
sampling,  a  glutathione  curve  was  made  by  adding  glutathione  (1  -  10  fiL)  to  DTNB 
[54»’-dithio-bis(2-nitrobenzoic  acid)]  (up  to  200  pih;  (213).  Glutathione  supplies  the 
sulfhydryl  groups  and  is  used  to  construct  a  standard  curve.  Tissue  supernatants  (10  fiL 
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per  well)  were  added  to  either  10  p L  eserine  (an  all-purpose  cholinesterase  inhibitor  that 
inhibits  both  butyrylcholinesterase  and  acetylcholinesterase)  or  ethoprozine  (a  specific 
butyrylcholinesterase  inhibitor),  all  in  the  presence  of  acetylthiocholine  (5  pL)  and  175 
p L  DTNB  (all  purchased  from  Sigma-Aldrich,  St.  Louis,  MO).  Samples  were  read  by  the 
Softmax  Pro  5.2  kinetics  every  20  sec  for  4  min.  The  total  butyrylcholinesterase 
inhibition  was  subtracted  from  the  absorbance  sample  to  provide  a  difference  score, 
which  was  multiplied  by  the  slope  and  intercept  of  the  standard  curve  to  provide  a  total 
concentration  of  AChE  activity.  AChE  specific  activity  was  calculated  by  dividing  the 
total  activity  by  the  calculated  protein  concentration  assayed  by  the  Bradford  method  (see 
(38),  using  a  protein  assay  dye  reagent  (Bio-Rad,  Hercules  CA). 

Neuropathology  experiments 
Fixation  and  tissue  processing 

1-,  7-,  14-,  and  30-days  after  SE,  rats  were  deeply  anesthetized  with  pentobarbital 
(75-100  mg/kg,  i.p.)  and  transcardially  perfused  with  PBS  (100  mL)  followed  by  4% 
paraformaldehyde  (200  mL).  Brains  were  removed  and  post-fixed  in  4% 
paraformaldehyde  overnight  at4°C,  then  transferred  to  a  solution  of  30%  sucrose  in  PBS 
for  72  hours,  and  frozen  with  dry  ice  before  storage  at  -80°C  until  sectioning.  A  l-in-5 
series  of  sections  containing  the  amygdala  was  cut  at  40  pm  on  a  sliding  microtome 
(Leica  Microsystems  SM2000R).  One  series  of  sections  was  mounted  on  slides 
(Superfrost  Plus,  Daigger,  Vernon  Hils,  IL)  for  Nissl  staining  with  cresyl  violet.  Two 
adjacent  series  of  sections  were  mounted  on  slides  for  Fluro-Jade-C  staining  or  were 
stored  at  -20°C  in  a  cryoprotectant  solution  for  GAD-67  immunohistochemistry  (90). 
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Fluoro-Jade  C  (FJC)  staining 

FJC  (Histo-Chem,  Jefferson,  AR)  was  used  to  identify  irreversibly  degenerating 
neurons  in  the  BLA.  2D-sample  quantitative  assessments  were  made  from  3  brain 
sections  (both  hemispheres)  per  animal  from  AP  -2.00  mm  to  -  3.96  mm.  Mounted 
sections  were  treated  and  stained  in  a  0.0001%  solution  of  FJC  dissolved  in  0.1%  acetyic 
acid  for  10  min  (234).  Mosaics  were  made  of  the  BLA  from  each  hemisphere  through  a 
20x  lens,  using  Stereo  Investigator  Virtual  Tissue  tools  (6x7  square;  MicroBrightField, 
Wllliston,  VT).  Cells  were  counted  using  ImageJ  (NIH  Image,  Bethesda,  MD)  with  the 
cell  counter  tool.  The  reported  number  of  degenerating  cells  is  the  total  number  counted 
in  the  three  sections,  in  both  hemispheres. 

GAD-67  Immunohistochemistry 

Free-floating  sections  were  collected  from  the  cryoprotectant  solution,  washed 
three  times  for  5  min  each  in  0.1  M  PBS,  and  then  incubated  in  a  blocking  solution 
containing  10%  normal  goat  serum  (Millipore  Bioscience  Research  Reagents,  Temecula, 
CA)  and  0.5%  Triton  X-100  in  PBS,  for  1  hour  at  room  temperature  (90).  The  sections 
were  then  incubated  with  mouse  anti-GAD-67  serum  (1:1000,  MAB5406;  Millipore 
Bioscience  Research  Reagents),  5%  normal  goat  serum,  0.3%  Triton  X-100,  and  1% 
bovine  serum  albumin,  overnight  at  4°C.  After  rinsing  three  times  for  10  min  each  in 
0.1%  Triton  X-100  in  PBS,  sections  were  incubated  with  Cy3-conjugated  goat  anti¬ 
mouse  antibody  (1:1000;  Jackson  ImmunoResearch  Laboratories  Inc.,  West  Grove,  PA) 
and  0.0001%  4,6-diamidino-2-phenylindole  dihydrochloride  (Sigma- Aldrich,  St.  Louis, 
MO)  in  PBS  for  1  hour  at  room  temperature.  Sections  were  given  a  final  rinse  in  PBS  for 
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10  min,  then  mounted  on  slides,  air-dried  for  at  least  30  min,  and  cover-slipped  with 
ProLong  Gold  antifade  reagent  (Invitrogen,  Carlsbad,  CA). 

Stereological  quantification 

Design-based  stereology  was  used  to  determine  total  neuronal  loss  from  Nissl- 
stained  sections  in  the  BLA,  and  intemeuronal  loss  from  GAD-67-immuno-stained 
sections  in  the  BLA.  Sections  were  viewed  with  a  Zeiss  (Oberkochen,  Germany) 
Axioplan  2ie  fluorescent  microscope  with  a  motorized  stage,  interfaced  with  a  computer, 
running  Stereoinvestigator  8.0  (MicroBrightField,  Williston,  VT).  The  BLA  was 
identified  on  slide-mounted  sections  under  a  2 5\  objective,  based  on  the  atlas  of  Paxinos 
and  Watson  (220).  Sampling  was  performed  under  a  63x  oil  immersion  objective.  Nissl- 
stained  neurons  were  distinguished  from  glial  cells  by  their  larger  size  and  pale  nuclei 
surrounded  by  darkly-stained  cytoplasm  containing  Nissl  bodies.  The  total  number  of 
Nissl-stained  and  GAD-67-immunostained  neurons  was  estimated  using  the  optical 
fractionator  probe  along  with  the  coefficient  of  error  (CE).  Nissl-stained  neurons  were 
calculated  using  Stereo  Investigator  9.0.  The  CE  was  calculated  by  the  software 
according  to  Gundersen  (m  =  1;  (108))  and  Schmitz-Hof  2nd  estimation  (247)  equations. 

A  l-in-5  series  of  sections  (~7  sections  per  rat)  was  analyzed  for  Nissl-stained 
neurons  in  the  BLA.  The  counting  frame  was  35  x  35  fim,  the  counting  grid  was  190  x 
190  fim,  and  the  dissector  height  was  12 pim.  Nuclei  were  counted  when  the  cell  body 
came  into  focus  within  the  dissector,  which  was  placed  2  fim  below  the  section  surface. 
An  average  of  235  neurons  per  rat  was  counted,  and  the  average  CE  was  0.04  for  both  the 
Gundersen  and  Schmitz-Hof  equations.  Section  thickness  was  measured  at  every 
counting  site  (averaging  20  fan  for  the  BLA).  For  GABAergic  intemeurons  immuno- 
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stained  with  GAD-67,  a  l-in-10  series  of  sections  was  analyzed  (on  average  five 
sections).  The  counting  frame  was  60  x  60 // m,  the  counting  grid  was  100  x  100  //m,  and 
the  dissector  height  was  20  pm.  The  average  mounting  section  thickness  of  the  BLA  was 
27 .6 //m.  An  average  of  239  neurons  per  rat  was  counted  in  the  BLA,  and  the  average  CE 
was  0.07  for  both  the  Gunderson  et  al.,  and  Schmitz-hof  equations.  Nuclei  were  counted 
when  the  top  of  the  nucleus  came  into  focus  within  the  dissector,  which  was  placed  2  pm 
below  the  section  surface.  Section  thickness  was  measured  at  every  fifth  counting  site. 

Behavioral  Experiments 
Open  field  test 

Anxiety-like  behavior  was  assessed  using  an  open  field  apparatus  (40  x  40  x  20 
cm  clear  Plexiglas  arena;  (21;  83).  One  day  prior  to  testing,  animals  were  acclimated  to 
the  apparatus  for  20  min.  On  the  test  day,  rats  were  placed  in  the  center  of  the  open  field 
and  activity  was  measured  and  recorded  for  20  min  using  an  Accuscan  Electronics 
infrared  photocell  system  (Accuscan  Instruments  Inc.,  Columbus,  OH).  Data  were 
automatically  collected  and  transmitted  to  a  computer  equipped  with  “Fusion”  software 
(from  Accuscan  Electronics,  Columbus,  OH).  Locomotion  (distance  traveled  in  cm)  and 
time  spent  in  the  center  of  the  open  field  were  analyzed.  Anxiety  behavior  was  measured 
as  the  ratio  of  the  time  spent  in  the  center  over  the  total  movement  time,  expressed  as  a 
percentage  of  the  total  movement  time. 

Acoustic  startle  response  test 

Acoustic  startle  response  (ASR)  testing  was  conducted  with  the  use  of  the  Med 
Associates  Acoustic  Response  Test  System  (Med  Associates,  Georgia,  VT),  which 
consists  of  weight-sensitive  platforms  inside  individual  sound-attenuating  chambers.  Rats 
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were  individually  placed  in  a  ventilated  holding  cage,  which  is  small  enough  to  restrict 
extensive  locomotion,  but  large  enough  to  allow  the  subject  to  turn  around  and  make 
other  small  movements  (21).  The  chamber  contained  a  ventilated  fan  to  provide 
background  noise.  The  cage  was  placed  on  a  weight-sensitive  platform;  movements  in 
response  to  stimuli  were  measured  as  a  voltage  change  by  a  strain  gauge  inside  each 
platform.  Animals  were  acclimated  to  the  apparatus  in  two  sessions.  A  3-min  adaptation 
period  was  allowed,  during  which  no  startle  stimuli  were  presented.  Startle  stimuli 
consisted  of  1 10  or  120  dB  sound  pressure  level  noise  bursts  of  20-ms  duration.  Each 
stimulus  had  a  2-ms  rise  and  decay  time,  such  that  the  onset  and  offset  were  abrupt, 
which  is  a  primary  requirement  for  startle  (84).  Each  trial  type  was  presented  eight  times. 
Trial  types  were  presented  at  random  to  avoid  order  effects  and  habituation,  and  inter¬ 
trial  intervals  ranged  randomly  from  15  to  25  s.  Responses  were  recorded  by  an 
interfaced  Pentium  computer  as  the  maximum  response  occurring  during  the  no-stimulus 
periods,  and  during  the  startle  period,  and  were  assigned  a  value  based  on  an  arbitrary 
scale  used  by  the  software  of  the  Test  System. 

Electrophysiological  experiments 

Animals  were  randomly  divided  into  control,  1-,  7-,  14-,  and  30-day  groups  and 
anesthetized  with  3-5%  isoflurane  before  decapitation.  Coronal  brain  slices  (400  f*m- 
thick)  containing  the  amygdala  (-2.64  to  -3.36  from  Bregma)  were  cut  using  a  vibratome 
(series  1000;  Technical  Products  International ,  St.  Louis,  MO),  in  ice-cold  cutting 
solution  consisting  of  (in  mM):  1 15  sucrose,  70  NMDG,  1  KC1, 2  CaCI2, 4  MgCl2, 1 .25 
NaH2P04, 30  NaHC03.  Slices  were  transferred  to  a  holding  chamber,  at  room 
temperature,  in  a  bath  solution  containing  (in  mM):  125  NaCl,  3  KC1, 1.25  NaH2P04, 21 
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NaHCOj,  2  CaCl2 1 5  MgCl2,  and  1 1  D-glucose  (all  purchased  from  Sigma- Aldrich,  St. 
Louis,  MO).  Recording  solution  was  the  same  as  the  holding  bath  solution.  All  solutions 
were  saturated  with  95%  02, 5%  C02  to  achieve  a  pH  near  7.4.  Field  potential  recordings 
were  obtained  in  an  interface-type  chamber,  maintained  at  32~33°C,  with  a  flow  rate  of 
the  ACSF  at  ~1 .5  mL/min.  Field  potentials  were  evoked  by  stimulation  of  the  external 
capsule  at  0.05  Hz  with  a  bipolar  concentric  stimulating  electrode  made  of  tungsten 
(World  Precision  Instruments,  Sarasota,  FL).  For  LTP  experiments,  a  20  min  baseline 
was  recorded;  stimulus  intensity  was  adjusted  to  elicit  a  response  of  about  70  to  80%  of 
the  maximum  amplitude.  High  frequency  stimulation  (HFS)  consisted  of  3  trains  of 
pulses  at  100  Hz,  each  train  lasted  1  s,  and  the  interval  between  trains  was  20  sec. 
Following  HFS,  field  potential  recordings  resumed  with  stimulation  at  0.05  Hz. 
Recording  glass  pipettes  were  filled  with  ACSF,  and  had  a  resistance  of  approximately  5 
MQ.  Signals  were  digitized  using  the  pClamp  10.2  software  (Molecular  Devices,  Union 
City,  CA),  analyzed  using  AxoGraph  (AxoGraph  X,  Berkley,  CA),  and  final  presentation 
was  prepared  using  GraphPad  Prism  (GraphPad  Software,  La  Jolla,  CA). 

Statistical  analysis 

All  data  are  expressed  as  mean  ±  standard  error.  Welch  F  ANOVA  and  a  Games- 
Howell  post  hoc  were  used  to  compare  the  results  from  the  analysis  of  AChE  activity, 
and  the  stereological  estimation  of  the  total  number  of  GAD-67-positive  intemeurons. 
Welch  F  ANOVA  was  used  due  to  heterogeneity  of  variance.  Statistical  results  derived 
with  the  use  of  the  Welch  F  ANOVA  were  confirmed  with  a  Kruskal-Wallis  non- 
parametric  test,  which  does  not  assume  a  normal  distribution.  One-way  ANOVA  with  a 
Tukey  post  hoc  test  was  used  to  compare  the  cell  count  from  degenerating  neurons,  and 
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to  analyze  the  results  from  the  behavioral  tests.  One-way  ANOVA  with  a  Dunnett’s  T 
post  hoc  test  was  used  to  compare  the  results  from  the  stereological  estimation  of  the  total 
number  of  neurons  and  from  the  behavioral  tests.  Results  from  the  electrophysiological 
experiments  were  analyzed  using  one-way  ANOVA  followed  by  a  Dunnett’s  T  post  hoc 
test,  paired-Student’s  t-test,  or  independent  samples  t-test.  Statistical  analyses  were  made 
using  the  software  package  PAWS  SPSS  20  (IBM,  Armonk,  NY,  USA).  Differences 
were  considered  significant  when  p  <  0.05.  Sample  size  “n”  refers  to  the  number  of 
animals  except  for  electrophysiology  experiments  where  “n”  refers  to  the  number  of 
slices. 

Results 

Soman  was  administered  to  161  rats.  The  average  latency  to  Stage  3  seizure  onset 
(SE  onset)  was  8.7  ±1.2  min.  Of  the  surviving  104  rats  that  developed  prolonged  SE  (see 
(16;  89;  90),  51  rats  were  used  to  measure  AChE  activity,  and  31  rats  were  used  for 
electrophysiological  experiments.  From  the  remaining  22  soman-exposed  rats,  5  rats  were 
used  for  evaluation  of  neuropathology  at  24-hours  after  soman  exposure,  6  rats  were  used 
for  evaluation  of  neuropathology  at  7  days  post-exposure,  5  rats  were  used  for  14-day 
behavioral  experiments  followed  by  neuropathological  studies,  and  6  rats  were  used  for 
30-day  behavioral  tests  followed  by  neuropathology  assessments.  Aged-matched  rats  that 
were  not  exposed  to  soman  were  used  for  control  experiments. 

Time  course  of  recovery  of  AChE  inhibition 

The  onset  of  SE  induced  by  soman  was  associated  with  a  dramatic  reduction  of 
AChE  activity  in  the  BLA  (91.9  ±  4.0%),  prelimbic  cortex  (98.8  ±  5.0%),  piriform  cortex 
(99.2  ±  8.3%),  and  hippocampus  (98.7  ±  6.3%;  all  p’s  <  0.001;  Table  2  and  Figure  7). 
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Twenty -four  hours  after  SE,  AChE  activity  was  still  reduced  by  at  least  93%  in  all  four 
brain  regions  (all  p’s  <  0.001).  Seven  days  after  SE,  AChE  activity  in  the  BLA  was  no 
longer  significantly  lower  than  the  control  (42.7  ±  14.2%  lower;  p  =  0.092),  while  it 
remained  significantly  reduced  in  the  prelimbic  cortex  (52.1  ±  10.3%  lower  than  control; 
p  =  0.001),  piriform  cortex  (55.0  ±  13.1%  lower; p  =  0.004),  and  hippocampus  (46.6  ± 

1 1 .7%  lower;  p  =  0.009).  Within  14  days,  AChE  activity  had  recovered  in  all  four  brain 
regions;  in  the  BLA,  it  was  1 16.3  ±  18.8%  of  the  control  activity,  while  in  the  prelimbic 
cortex,  piriform  cortex,  and  hippocampus  it  was  25.8  ±  8.6%,  13.3  ±  15.8%, and  15.1  ± 
14.5%  lower  than  the  control  values,  respectively  (all  p's  >  0.05).  Thirty  days  after  SE, 
AChE  activity  was  118.8  ±  10.7%  of  control  values  in  the  BLA,  while  in  the  prelimbic 
cortex,  piriform  cortex,  and  hippocampus  it  was  144.8  ±  18.4%,  147 .4±  18.2%,  and 
135.5  ±  20.7%  of  the  control  activity,  respectively  (all  p's  >  0.05;  Figure  7;  Table  2). 
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Brain  Region 

Control 

SE  Onset 

24-hours 

7-days 

14-days 

30-days 

Basolateral  Amygdala 

830.9  ±33.6 

68.8  ±  10.2 

38.4  ±  6.1 

488.2  ±  116.2 

833.2  ±  114.2 

1011.6  ±84.2 

Prelimbic  Cortex 

263.4  ±13.2 

3.0  ±  0.8 

15.6  ±  4.3 

130.2  ±  24.4 

202.0  ±  19.1 

393.9  ±  48.2 

Piriform  Cortex 

351.9  ±29.1 

2.8  ±  0.8 

11.4  ±  2.4 

158.3  ±  35.4 

274.1  ±  39.4 

518.8  ±  57.0 

Hippocampus 

311.3  ±19.7 

4.1  ±0.3 

23.2  ±5.3 

166.2  ±  30.5 

231.8  ±  26.9 

421.8  ±  61.3 

<1 

OO 


Table  2:  Reduction  of  AChE  activity  (in  nmol/min/ng)  and  time  course  of  recovery 
after  soman-induced  status  epilepticus  (SE) 
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Figure  7  Time  course  of  the  recovery  of  AChE  activity  after  soman-induced  status 

epilepticus  (SE).  AChE  activity  was  reduced  by  more  than  90%  in  all  four  brain 
regions  at  the  onset  of  SE  (n  =  7),  as  well  as  at  24  hours  later  (n  =  1 1).  At  7  days 
post-exposure  (n  =  1 1),  AChE  activity  had  recovered  in  the  BLA,  while  at  14 
days  (n  =  10)  and  30  days  (n  =  12)  post-exposure,  it  was  not  significantly 
different  from  the  control  levels  in  all  4  brain  regions.  **p  <  0.01;  ***p  <  0.001 
compared  to  the  controls  (Welch  F  ANOVA  with  Games-Howell  post  hoc). 


Time  course  of  neurodegeneration  and  neuronal  loss  in  the  BLA 

Twenty-four  hours  after  exposure  to  soman,  severe  neurodegeneration  was  found 
in  the  BLA  (Figure  8).  The  number  of  degenerating  neurons  was  928  ±  153  at  24  hours, 
481  ±  35  at  7  days  (p  =  0.003),  305  ±  77  at  14  days  (p  <  0.001),  and  133  ±  17  at  30  days 
( p  <  0.001;  all  p  values  are  in  comparison  to  the  24-hour  group).  The  number  of 
degenerating  neurons  at  30  days  was  also  significantly  lower  when  compared  to  the  7-day 
group  (p  =  0.014;  Figure  8). 
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A  B  C 


Figure  8  Time  course  of  neuronal  degeneration  in  the  BLA  after  soman-induced  SE.  A, 

B.  The  BLA  region  where  neuronal  degeneration  was  assessed.  In  A,  the 
drawings  are  from  Paxinos  and  Watson  (2005),  while  in  B  the  BLA  is  outlined 
on  FJ-C  stained  sections.  C.  Representative  photomicrographs  of  FJC-stained 
sections,  at  24-hours,  7-,  14-,  and  30-days  after  soman  exposure.  Rows 
correspond  to  the  coordinates  shown  in  B.  Total  magnification  is  20x.  Scale  bar, 
250  pm.  D.  Quantitative  assessment  of  the  extent  of  neurodegeneration  at  24- 
hours  (n  =  4),  7-  (n  =  6),  14-  (n  =  4),  and  30  days  (n  -  5)  after  soman  exposure. 
Values  are  mean  ±  SEM  number  of  cells  counted  in  the  BLA  from  both 
hemispheres.  **p  <  0.01,  ***p  <  0.001  (One-Way  ANOVA  with  Tukey  post 
hoc). 


Estimation  of  the  total  number  of  neurons  in  the  BLA  (Figure  9  A  and  B),  using  an 
unbiased  stereological  method  in  Nissl-stained  sections,  showed  that  animals  exposed  to 
soman  had  significantly  fewer  total  number  of  neurons  in  the  BLA  at  24  hours  (71,003.5 
±  1,198.1),  7  days  (72,416.7  ±  2,508.6),  14  days  (72,499.4  ±  1,713.8)  and  30-days 
(71,412.1  ±  2,731.8)  after  exposure  to  soman,  compared  to  the  number  of  neurons  in  the 
control  animals  (109,397.5  ±  2,719.5;  all  p’s  <  0.05;  Figure  9C).  There  was  no  significant 
difference  between  the  number  of  neurons  in  the  BLA  at  the  different  time  points  after 
soman  exposure. 
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Figure  9  Time  course  of  neuronal  loss  in  the  BLA  after  soman-induced  SE.  A,  Panoramic 
photomicrograph  of  a  Nissl-stained  section  from  half  hemisphere,  outlining  the 
BLA  where  stereological  analysis  was  performed  (red  highlight).  B. 
Representative  photomicrographs  of  Nissl-stained  sections  showing  BLA  cells 
from  a  control  rat  and  from  soman-exposed  rats,  analyzed  at  24-hours,  7-,  14- 
and  30-days  after  exposure.  Total  magnification  is  63x  and  scale  bar  is  50  pm. 
C.  Group  data  of  stereological  estimation  of  the  total  number  of  Nissl-stained 
neurons  in  the  BLA,  expressed  as  percent  of  the  control  group  (n  =  1 1). 
Significant  neuronal  loss  was  present  in  rats  at  24  hours  (n  =  5),  7  days  (n  =  6), 
14  days  (n  =  5),  and  30-days  (n  =  6)  after  soman  exposure.  There  were  no 
differences  in  the  extent  of  neuronal  loss  among  the  24-hour,  7-,  14-,  and  30- 
day  groups;  ***p  <  0.001  (One-Way  ANOVA  with  Dunnett’s  T  post  hoc). 


Estimation  of  the  total  number  of  GABAergic  intemeurons  in  the  BLA,  using  an 
unbiased  stereological  method  on  GAD-67-immunostained  sections,  showed  that  24- 
hours  after  exposure,  the  number  of  intemeurons  in  the  soman  group  (10,539.1  ±  575.1;  n 
=  5)  did  not  differ  significantly  from  the  controls  (13,107.4  ±  804.5;  p  =  0.129;  n  =  10; 
Figure  10A,  B).  However,  7  days  after  soman  exposure,  the  number  of  GABAergic 
intemeurons  in  the  soman-exposed  group  (7,131 .3  ±  343.4;  n  =  6)  was  significantly  lower 
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than  the  number  of  GABAergic  intemeurons  in  the  BLA  of  control  animals  ip  <  0.001). 
No  further  loss  of  GABAergic  intemeurons  was  observed  at  14  days  (6,745.5  ±  315.4;  n 
=  6),  or  30  days  (6,885.2  ±  195.4;  n  =  5)  after  SE,  compared  to  the  7-day  soman  group  (p 
>  0.05).  The  loss  of  GABAergic  intemeurons  in  the  BLA  was  approximately  46%,  7- 
days  after  exposure.  Moreover,  the  ratio  of  GABAergic  intemeurons  to  the  total  number 
of  neurons  in  the  BLA  was  altered  after  soman  exposure.  At  24  hours  after  SE,  there  was 
a  significant  increase  in  this  ratio  (p  =  0.006).  Seven  days  after  exposure,  the  ratio  of 
GABAergic  intemeurons  to  the  total  number  of  neurons  was  not  significantly  different 
from  the  control  {p  =  0.175),  whereas  it  was  significantly  reduced  at  14  days  (p  =  0.006) 
and  30  days  ip  =  0.030)  after  SE  (Figure  10C). 
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Figure  10  Delayed  loss  of  GABAergic  intemeurons  in  the  BLA  after  soman-induced  SE. 
A.  Panoramic  photomicrograph  of  an  immunohistochemically-stained  section 
for  GAD-67  (BLA  is  outlined  in  white).  B.  Representative  photomicrographs  of 
GABAergic  intemeurons  in  the  BLA  from  a  control  rat  and  from  soman- 
exposed  rats,  analyzed  at  24-hours,  7-,  14-  and  30-days  after  exposure.  Total 
magnification  is  630x;  scale  bar,  50  pm.  C.  Group  data  showing  the  mean  and 
standard  error  of  the  stereologically  estimated  total  number  of  GAD-67-positive 
cells  in  the  BLA.  D.  Group  data  showing  the  mean  and  standard  error  of  the 
ratio  of  GABAergic  intemeurons  to  the  total  number  of  neurons.  *p  <  0.05,  **p 
<  0.01,  ***p  <  0.001  (Welch  F  ANOVA  with  Games-Howell  post  hoc  and  one¬ 
way  ANOVA  with  Dunnett’s  T  post  hoc). 


Anxiety-like  behavior  after  soman  exposure 

The  reduced  ratio  of  the  number  of  GABAergic  intemeurons  to  the  total  number 
of  neurons  in  the  BLA,  on  days  14  and  30  after  soman-induced  SE,  suggests  that 
GABAergic  inhibition  in  the  BLA  may  be  impaired  at  these  time  points;  the  result  could 
be  a  hyperexcitable  amygdala,  which  can  produced  anxiety-related  behavioral  deficits.  To 
determine  if  anxiety-like  behavior  was  increased  in  the  soman-exposed  rats,  we  used  the 
open  field  and  the  ASR  tests.  In  the  open  field  test,  the  more  anxious  an  animal  is,  the 
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less  time  it  spends  in  the  center  of  the  open  field  (233).  Compared  to  the  time  the  control 
group  spent  in  the  center  of  the  open  field  (14.2  ±2.1%  of  the  total  movement  time;  n  = 
6),  the  soman-exposed  rats  spent  significantly  less  time  in  the  center,  on  day  14  post¬ 
exposure  (7.6  ±  1 .8%  of  the  total  movement  time;  n  =  5  ,p  =  0.046)  and  on  day  30  post¬ 
exposure  (5.3  ±  1.6%  of  the  total  movement  time;  n  =  6  ,p  =  0.004;  Figure  1 1A).  The 
difference  between  the  14-day  and  30-day  groups  was  not  statistically  significant  (p  = 
0.622).  The  total  movement  time  did  not  differ  significantly  among  the  three  groups  (695 
±  48  s  for  the  control  group,  71 8  ±  5 1  s  for  the  14-day  group,  and  793  ±  38  s  for  the  30- 
day  group). 

In  the  ASR  test,  the  more  anxious  and  fearful  an  animal  is,  the  larger  the 
amplitude  of  the  startle  in  response  to  the  acoustic  stimulus  (122;  156;  157).  We 
measured  the  amplitude  of  the  startle  by  averaging  the  amplitude  of  8  trials,  using  two 
levels  of  acoustic  stimuli  (1 10  dB  and  120  dB  noise  bursts).  Compared  to  the  amplitude 
of  the  ASR  in  the  control  group  ( 1 1 .5  ±  1.2  and  1 3 .4  ±  2.2  in  response  to  the  1 1 0  and  1 20 
dB,  respectively;  n  =  6),  the  ASR  amplitude  was  increased  in  the  soman-exposed  rats,  on 
day  14  (16.8  ±  1.9  in  response  to  the  1 10  dB,p  =  0.42,  and  18.2  ±  1.1  in  response  to  the 
120  dB,/?  =  0.010;  n  =  5)  and  on  day  30  after  exposure  (18.3  ±  2.2  in  response  to  the  110 
dB,/>  =  0.017,  and  19.2  ±  0.9  in  response  to  the  120  dB, =  0.001;  n  =  6;  Figure  1  IB). 
There  was  no  significant  difference  in  the  amplitude  of  the  ASR  between  the  14-  and  30- 
day  groups  {p  >  0.05). 
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Figure  1 1  Exposure  to  soman  causes  long-lasting  increases  in  anxiety-like  behavior,  as 

measured  by  the  open  field  and  acoustic  startle  response  (ASR)  tests.  A.  Soman- 
exposed  rats  spent  significantly  less  time  in  the  center  of  the  open  field,  at  14 
and  30  days  after  exposure,  compared  to  control  rats.  B.  Exposure  to  soman 
significantly  increased  the  amplitude  of  the  ASR  to  both  the  110  and  120  dB 
startle  stimuli,  at  14  and  30  days  after  exposure,  compared  to  controls.  There 
were  no  significant  differences  between  the  14-  and  30-day  groups.  *p  <  0.05, 
**p  <  0.01;  n  =  17  (One-Way  ANOVA  with  Dunnett’s  T  post  hoc). 


Time  course  of  pathophysiological  alterations  in  the  BLA 

The  observed  neuronal  damage  in  the  BLA  of  the  soman-exposed  rats,  and  the 
accompanying  behavioral  impairments  in  anxiety-like  behavior  suggest  that  impairments 
were  probably  also  present  in  BLA  physiology.  To  gain  some  insight  into  the 
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pathophysiological  alterations  in  the  BLA  after  soman  exposure,  we  recorded  BLA  field 
potentials  evoked  by  stimulation  of  the  external  capsule  in  brain  slices  obtained  from 
soman-exposed  rats,  at  24  hours,  7  days,  14  days,  and  30  days  after  soman 
administration. 

Due  to  the  non-laminar  architecture  of  the  amygdala,  the  activity  of  neuronal 
populations  in  this  structure  does  not  generate  large  extracellular  electric  dipoles,  and, 
therefore,  evoked  field  potentials  have  small  amplitude.  Nevertheless,  field  potentials  of 
about  0.5  mV  can  be  consistently  evoked  in  the  BLA,  representing  about  60  ~  70%  of  the 
maximum  evoked  responses.  In  the  soman-exposed  rats,  however,  it  was  difficult  to 
evoke  field  potentials,  particularly  at  24  hours  and  7  days  post-exposure.  Stimulus 
intensities  similar  to  those  used  in  control  slices  would  evoke  field  potentials  in  the  BLA 
of  soman-exposed  rats  that  were  about  half  the  amplitude  of  the  BLA  field  potentials  in 
control  rats.  Notably,  the  BLA  field  potentials  in  the  soman-exposed  rats  had  a  slow 
decay  (Figure  12),  which  is  probably  indicative  of  reduced  inhibition.  To  better  assess  if 
inhibitory  activity  in  the  BLA  was  impaired  after  soman  exposure,  we  compared 
responses  to  paired-pulse  stimulation  in  soman-exposed  versus  control  rats.  In  the  slices 
from  the  control  rats,  the  ratio  of  the  amplitude  of  the  response  to  the  second  pulse  over 
the  amplitude  of  the  response  to  the  first  pulse  (paired-pulse  ratio,  or  PPR)  was  0.89  ± 
0.07  (n  =  9).  In  the  slices  from  soman-exposed  rats,  the  PPR  was  significantly  higher 
compared  to  the  controls,  at  24  hours  (PPR  =  1 .21  ±  0.03,  n  =  9 ;p  =  0.008),  7  days  (PPR 
=  1.30  ±  0.06,  n  =  9\p  =  0.001),  14  days  (PPR  =  1.26  ±  0.09,  n  =  10;/)  =  0.002),  and  30 
days  (PPR  =  1.23  ±  0.03,  n  =  11;/)  =  0.005)  after  soman  administration  (Figure  12), 
suggesting  that  the  inhibition  which  normally  suppresses  the  amplitude  of  the  synaptic 
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response  to  the  second  stimulus  pulse  (299)  and  limits  contribution  of  spiking  activity  to 
the  field  potentials  was  reduced. 


B 


24  Hours 
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Cl  7  Day* 
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Figure  12  Alterations  in  the  BLA  field  potentials  after  soman-induced  SE.  A  to  E  show 
representative  field  potentials  evoked  in  the  BLA  by  paired-pulse  stimulation  of 
the  external  capsule,  from  control  rats  (n  =  9)  and  soman-exposed  rats,  at  24- 
hours  (n  =  9),  7  days  (n  =  9),  14  days  (n  =  10),  and  30  days  (n  =  1 1)  after 
exposure;  each  trace  is  an  average  of  10  to  1 5  sweeps.  In  the  soman-exposed 
rats,  higher  stimulus  intensities  were  necessary  to  evoke  field  potentials 
compared  to  controls,  the  duration  of  the  field  potentials  was  prolonged  (notice 
the  decay  of  the  waveforms),  and  the  paired-pulse  ratio  was  significantly 
increased  (F).  **p  <  0.01  (One-Way  ANOVA  with  Dunnett’s  T  post  hoc). 
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A  synaptic  property  that  is  considered  to  be  the  cellular  mechanism  underlying 


learning  and  memory  processes  is  the  long-term  potentiation  (LTP)  of  synaptic 
transmission  (164;  275).  The  amygdala  plays  a  key  role  in  fear-associated  learning  and 
memory  formation  (152;  215).  The  BLA,  in  particular,  mediates  the  formation  of  fear 
memory  and  may  also  be  the  site,  or  one  of  the  sites,  where  fear  memory  is  stored  (97). 
Therefore,  we  examined  if  the  capacity  of  neuronal  synapses  in  the  BLA  to  express  LTP 
had  been  altered  after  soman  exposure.  Potentiation  of  the  evoked  field  potentials  was 
measured  by  averaging  the  amplitude  of  the  responses  from  50  to  60  min  after  HFS,  and 
expressing  it  as  a  percentage  of  the  baseline  response.  Compared  to  the  percent  change  in 
age-matched  control  animals  ( 1 58.0  ±  8.4%,  from  0.48  ±  0.03  mV  at  baseline  to  0.74  ± 
0.04  mV  at  50  to  60  min  after  HFS,  n  =  7),  the  percent  change  in  the  24-hours  post¬ 
exposure  group  (1 12.3  ±  5.24%,  from  0.27  ±  0.01  mV  to  0.30  ±  0.02  mV,  n  =  7;  Figure 
13 A),  the  7-day  post-exposure  group  (122.3  ±  8.53%,  from  0.27  ±  0.06  mV  to  0.34 
±  0.08  mV,  n  =  8;  Figure  13B),  and  the  14-day  post-exposure  group  (126.9  ±  10.6%, 
from  0.26  ±  0.02  mV  to  0.35  ±  0.05  mV,  n  =  10;  Figure  13C)  were  significantly  lower  ( p 
<  0.05).  At  30  days  post-exposure,  the  time  course  of  LTP  was  slower  compared  to  the 
control  group  (Figure  13D),  but  the  potentiation  at  50  to  60  min  post-HFS  (135.1 
±  14.9%,  from  0.40  ±  0.03  mV  to  0.55  ±  0.07  mV,  n  =  10)  was  not  significantly  different 
from  the  controls  (p  =  0.251). 
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Figure  1 3  Effects  of  soman  exposure  on  Long-Term  Potentiation  in  the  BLA.  The  plots 
show  the  time  course  of  the  changes  in  the  amplitude  of  the  field  potentials  after 
high-frequency  stimulation  (HFS).  The  amplitude  of  the  3  responses  recorded  in 
each  min  (stimulation  at  0.05  Hz)  was  averaged,  and  each  data  point  on  the 
plots  is  the  mean  and  standard  error  of  these  averages,  from  7  to  10  slices  (see 
sample  sizes  in  the  text).  Traces  over  the  plots  are  examples  from  a  control  rat 
and  from  soman-exposed  rats  studied  at  the  indicated  time-point  after  exposure; 
the  superimposed  field  potentials  are  a  baseline  response  and  a  response  at  50  to 
60  min  after  HFS  (each  trace  is  the  average  of  10  to  15  sweeps).  Potentiation  of 
the  responses,  measured  at  50  to  60  min  after  HFS,  was  significantly  lower  - 
compared  to  the  control  group  -  at  24  hours,  7  days  and  14  days  post-exposure, 
but  not  at  30  days  post-exposure. 
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Discussion 


After  exposure  of  rats  to  lethal  doses  of  soman,  we  found  that  more  than  90%  of 
AChE  is  inhibited  at  the  onset  of  SE  in  brain  regions  that  play  a  key  role  in  seizure 
generation,  and  it  takes  up  to  two  weeks  for  AChE  activity  to  recover  to  normal  levels. 
Significant  neuronal  loss  and  neurodegeneration  was  present  in  the  BLA  throughout  the 
time  period  examined,  from  24  hours  to  30  days  after  soman  exposure.  Interestingly,  at 
the  24-hour  time  point,  there  was  no  significant  loss  of  GABAergic  intemeurons. 
However,  by  7  days  post-exposure,  the  number  of  GABAergic  intemeurons  in  the  BLA 
was  reduced,  and  by  14  and  30  days  after  soman,  the  ratio  of  GABAergic  intemeurons  to 
the  total  number  of  neurons  was  lower  compared  to  controls.  At  the  same  time  points  (14 
and  30  days  post-exposure),  anxiety-like  behavior  was  increased  in  the  soman-exposed 
rats.  Pathophysiological  alterations  accompanied  the  neuropathological  damage  and  the 
behavioral  deficits,  namely  a  prolongation  of  evoked  BLA  field  potentials  and  an 
increase  in  paired-pulse  ratio,  at  all  time  points  examined,  as  well  as  impaired  synaptic 
plasticity  at  24  hours,  7  days  and  14  days  post-exposure. 

Inhibition  and  recovery  of  AChE 

Nerve  agents  exert  their  toxic  effects,  including  the  induction  of  seizures,  by 
inhibiting  AChE  (25;  115)  via  phosphorylation  of  the  enzyme  (263).  It  has  been 
previously  observed  that  during  nerve  agent-induced  convulsions,  brain  AChE  is 
inhibited  dramatically  (27;  145).  In  the  present  study,  we  found  that  at  the  onset  of  SE 
after  administration  of  soman,  AChE  has  been  inhibited  by  more  than  90%  in  the  BLA, 
piriform  cortex,  hippocampus,  and  prelimbic  cortex,  regions  that  play  an  important  role 
in  seizure  generation  by  nerve  agent  exposure  (195;  230).  It  is  noteworthy,  in  this  regard, 
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that  a  reduction  of  AChE  activity  of  about  91%  in  the  hippocampus  and  87%  in  the 
piriform  cortex  after  soman  exposure  is  not  accompanied  by  seizures  if  AChE  in  the  BLA 
is  not  inhibited  significantly  (230). 

Previous  studies  have  examined  AChE  inhibition  after  administration  of 
organophosphorus  pesticides  (46;  135;  142),  or  nerve  agents  (55;  105;  158),  however, 
there  have  been  no  systematic  studies  of  the  time  course  of  AChE  inhibition  and  the 
recovery  of  its  activity  after  exposure  to  lethal  doses  of  a  nerve  agent  that  induces 
prolonged  status  epilepticus.  Here,  we  found  that  AChE  was  still  inhibited  by  more  than 
90%  at  24  hours  post-exposure  (Figure  7),  when  SE  has  stopped.  This  observation  does 
not  contradict  the  view  that  elevated  acetylcholine  (ACh)  (due  to  inhibition  of  AChE)  is 
the  cause  of  seizures.  First,  it  is  well-understood  that  elevated  ACh  initiates  seizures  after 
nerve  agent  exposure,  but  seizures  are  sustained  and  reinforced  by  glutamatergic 
mechanisms  (36;  176;  177);  therefore,  the  duration  and  intensity  of  SE  is  not  related  to 
elevated  ACh.  Second,  it  appears  that  persistent  inhibition  of  AChE  does  not  necessarily 
correlate  with  persistent  elevation  of  ACh  at  cholinergic  synapses.  Thus,  Lallement  et  al. 
(1992)  measured  extracellular  ACh  levels  for  90  min  after  soman-induced  SE,  in  rats,  and 
found  that  ACh  returned  to  baseline  concentrations  within  50  min  in  septohippocampal 
areas,  and  within  90  min  in  the  amygdala.  The  return  of  ACh  to  control  levels  -  at  a  time 
when  AChE  remained  inhibited  -  was  attributed  to  negative  feedback  of  the  released 
ACh  onto  cholinergic  terminals  via  muscarinic  autoreceptors,  and  to  the  decreased 
availability  of  choline  (145). 

At  14  days  after  soman  exposure,  AChE  had  returned  to  control  levels  in  the 
hippocampus,  piriform,  and  prelimbic  cortex,  while  in  the  BLA  it  recovered  to  nearly 
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basal  levels  in  7  days.  The  faster  time  course  of  recovery  in  the  BLA  may  relate  to  the 
exceptionally  dense  cholinergic  innervation  of  this  region  (183)  —  also  reflected  in  the 
high  basal  level  of  AChE  (3 1 ;  230)  -  which  could  result  in  a  more  efficient  recovery  of 
the  enzyme.  The  recovery  of  AChE  is  probably  the  result  of  de  novo  AChE  synthesis 
rather  than  dephosphorylation  of  the  inhibited  AChE,  as  the  inhibition  of  AChE  by  nerve 
agents  is  irreversible,  and  the  state  of  irreversibility  is  reached  very  fast  after  exposure  to 
soman  (263).  The  consequences  of  the  prolonged  AChE  inhibition  after  soman  exposure 
can  be  expected  to  include  abnormal  fluctuations  of  ACh  concentrations  at  cholinergic 
synapses,  with  possible  short-term  and  long-term  effects  on  cholinergic  receptor  activity 
and  expression. 

Acute  and  delayed  neuropathology 

Significant  neuronal  death  had  occurred  by  24  hours,  and  the  extent  of  neuronal 
loss  did  not  increase  over  time,  despite  ongoing  neurodegeneration.  The  initial  neuronal 
death  was  probably  a  process  of  excitotoxicity-induced  necrosis,  whereas  the  slow  death 
of  the  degenerating  neurons  may  result  from  simultaneous  influences  and  competition  of 
survival-  and  death-inducing  factors  (57;  96;  125).  It  has  been  shown  previously  that 
excitotoxic  damage  can  induce  either  an  immediate,  necrotic  death  or  a  slow  apoptotic 
death  to  the  same  neuronal  population,  where  necrosis  is  associated  with  immediate  loss 
of  mitochondrial  function,  while  apoptosis  ensues  in  neurons  that  recover  their 
mitochondrial  function  and  energy  levels,  yet  the  excitotoxic  insult  has  activated  an 
endogenous  cell  death  program  (14).  Our  data  suggest  that  BLA  principal  cells  can 
undergo  immediate,  necrotic  death  (cell  loss  by  24  hours  after  exposure)  or  slow, 
apoptotic-like  death  (since  neurodegeneration  continues  after  the  24  hours).  The  relative 
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stability  of  the  level  of  neuronal  loss  from  24  hours  to  30  days  post-exposure,  in  the 
presence  of  degenerating  neurons  and  loss  of  interneurons,  may  be  explained  by  a 
concomitant  process  of  neuronal  regeneration  (59;  60). 

As  we  have  observed  previously  (90),  at  24  hours  post-exposure  there  was  no  loss 
of  GABAergic  intemeurons,  while  by  day  7,  significant  loss  had  occurred.  Thus, 
GABAergic  intemeurons  in  the  BLA  appear  to  undergo  only  the  apoptotic  type  of  slow 
death.  This  does  not  imply  that  they  are  less  vulnerable,  as  the  intemeuron  to  total 
number  of  neurons  ratio  decreased  over  time.  However,  it  implies  that  they  are  less 
susceptible  to  necrosis  and  more  susceptible  to  apoptosis,  for  reasons  that  remain  to  be 
determined.  Delayed  death  of  GABAergic  intemeurons  has  also  been  observed  after 
pilocarpine-induced  SE,  as  the  majority  of  chronically  degenerating  FJC-positive  neurons 
exhibited  GAD-immunoreactivity  (285).  One  factor  contributing  to  the  death  of 
GABAergic  intemeurons  may  involve  NMDA  receptor-mediated  excitotoxicity  due  to  a 
gradual  upregulation  of  D-serine  (160),  a  positive  NMDA  receptor  modulator  (160;  191; 
291). 

By  investigating  the  time  course  of  neuronal  loss  beyond  one  week  after  soman 
exposure,  in  the  present  study,  we  found  that  although  there  was  no  significant  further 
decrease  of  either  the  number  of  intemeurons  or  the  total  number  of  neurons  up  to  30 
days  post-exposure,  the  small  changes  that  occurred  were  sufficient  to  decrease  the  ratio 
of  intemeuron  number  to  the  total  neuronal  number.  GABAergic  intemeurons  account  for 
only  15-20%  of  the  neuronal  population  in  the  BLA  (172;  245;  268)  and  tightly  regulate 
principal  cell  excitability  (149;  268;  293).  Therefore,  the  reduction  in  the  intemeuronal 
population  by  about  46%  by  day  7  after  soman  exposure  and  the  subsequent  decrease  of 
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the  intemeuronal  to  the  total  number  of  neurons  ratio  can  be  expected  to  have  a 
significant  impact  on  the  excitability  of  the  BLA  network,  contributing  to  the 
development  of  spontaneous  recurrent  seizures  (68)  and  behavioral  deficits. 

Increased  anxiety-like  behavior  and  pathophysiological  alterations 

At  14  and  30  days  after  exposure  to  soman,  the  animals  displayed  increased 
anxiety-like  behavior,  assessed  using  the  open  field  (233)  and  the  ASR  (122;  156;  1 57) 
tests.  Increased  anxiety  has  been  observed  previously  after  nerve  agent  exposure  in 
animals  (61 ;  165)  and  humans.  Some  of  the  victims  of  the  Tokyo  sarin  attacks,  for 
example,  presented  posttraumatic  stress  disorder,  five  or  seven  years  after  the  events 
(124).  Hyperexcitability  of  the  amygdala,  and  the  BLA  in  particular,  is  a  characteristic 
feature  of  anxiety-like  behavior  in  animals  (44;  67;  246)  and  anxiety  disorders  in  humans 
(143;  240;  282).  Therefore,  the  increased  anxiety  in  animals  and  humans  after  nerve 
agent  exposure  is  likely  to  be  due  to  neuropathological  and  pathophysiological  alterations 
that  have  increased  the  excitability  of  the  BLA  network. 

A  number  of  factors  may  have  contributed  to  increased  BLA  excitability, 
including  damage  to  afferents  from  other  brain  regions  (such  as  the  prefrontal  cortex) 
that,  normally,  suppress  activity  and  excitability  of  the  BLA.  Alterations  in  the 
cholinergic  regulation  of  the  BLA  can  potentially  contribute  to  BLA  hyperexcitability, 
despite  that  AChE  has  recovered  at  the  time  that  increased  anxiety  was  observed.  For 
example,  we  have  found  that  the  net  effect  of  the  <X7-containing  nicotinic  acetylcholine 
receptor  (a.7-nAChR)  activation  in  the  BLA  is  an  increase  in  GABAergic  inhibition 
(225).  Since  the  activity  and  expression  of  the  017-nAChR  is  sensitive  to  ACh  exposure 
(98;  141),  desensitization  or  downregulation  of  these  receptors  could  increase  BLA 
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excitability.  Nevertheless,  the  present  data  suggest  that  the  primary  cause  of  an  increased 
BLA  excitability  is  probably  the  loss  of  GABAergic  intemeurons  and  the  decreased  ratio 
of  the  intemeurons  to  the  total  number  of  neurons. 

The  pathophysiological  significance  of  the  intemeuronal  death  was  reflected  in 
the  increased  duration  of  the  field  potentials  evoked  in  the  BLA  and  the  increased  PPR. 

In  the  soman-exposed  rats,  the  field  potentials  were  smaller  and  difficult  to  evoke,  as  it 
can  be  expected  considering  the  significant  neuropathological  damage  (neuronal  loss  and 
degeneration).  At  the  same  time,  the  decay  of  the  field  potentials  was  slower  compared  to 
controls;  this  suggests  reduced  GABAergic  inhibition,  resulting  in  the  appearance  of 
polysynaptic  inputs  and/or  increased  contribution  of  NMD  A  receptor-mediated  synaptic 
activity  to  the  evoked  response.  An  increased  PPR  implies  either  that  the  probability  of 
neurotransmitter  release  in  response  to  the  first  pulse  has  been  reduced,  or  that  the  evoked 
inhibition  that  normally  suppresses  the  response  to  the  second  pulse  is  impaired.  We  do 
not  know  if  there  are  alterations  in  the  presynaptic  release  of  glutamate,  but  considering 
the  intemeuronal  loss  and  the  prolongation  of  the  field  potentials,  it  is  reasonable  to 
suggest  that  the  increased  PPR  reflects,  at  least  in  part,  reduction  of  evoked  GABAergic 
inhibition.  Because  the  BLA  does  not  have  the  discrete  laminar  architecture  that  other 
brain  regions  have,  it  cannot  be  ascertained  if  purely  synaptic  activity  or  population 
spikes  contribute  to  the  field  potentials;  the  waveforms,  however,  suggest  the  presence  of 
spiking  activity  in  the  evoked  responses.  When  inhibition  is  reduced  in  the  BLA,  both  the 
synaptic-  (299)  and  the  spiking  component  of  the  response  to  the  second  stimulus  pulse 
can  be  expected  to  increase,  producing  an  increased  PPR. 
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The  reduced  inhibition  may  have  facilitated  the  induction  of  LTP,  despite  the 
presence  of  severe  neuronal  damage.  At  24  hours,  7  days,  and  14  days  after  exposure, 
synaptic  plasticity  (as  reflected  in  the  synaptic  capacity  for  LTP  expression)  was 
significantly  impaired,  but  recovered  by  30  days  post-exposure.  These  results  are 
consistent  with  previous  behavioral  data  indicating  severely  impaired  fear-conditioning  at 
8  days  after  soman  exposure  (187).  The  recovery  of  synaptic  plasticity  over  time  after 
soman-induced  SE  could  be  related  to  synaptic  re-organization  (182;  265). 

The  present  study  described  the  time  course  of  AChE  recovery  in  the  brain,  as 
well  as  neuropathological,  behavioral,  and  pathophysiological  alterations  during  30  days 
after  exposure  of  rats  to  soman,  which  corresponds,  approximately,  to  3  years  of  human 
life  (250).  We  show  that  recovery  of  AChE  is  slow,  which  can  have  both  acute  and  long¬ 
term  consequences  on  the  cholinergic  modulation  of  neuronal  excitability.  The  death  of 
GABAergic  intemeurons  is  slow,  which  may  provide  an  opportunity  for  pharmacological 
intervention  to  prevent  it,  if  the  mechanisms  of  this  slow  death  become  well-understood. 
Such  intervention  could  have  an  impact  in  preventing  long-term  behavioral  deficits,  such 
as  increased  anxiety,  which  we  found  to  persist  at  30  days  post-exposure.  The  apparent 
recovery  of  synaptic  plasticity  in  the  BLA  by  30  days  after  exposure  may  suggest  that  at 
least  certain  aspects  of  fear-related  learning  may  be  normalized  at  this  time,  despite  the 
persistence  of  increased  BLA  excitability,  which  may  impact  amygdala’s  modulation  of 
cognitive  processes. 
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Abstract 


The  recent  sarin  attack  in  Syria  killed  1,429  people,  including  426  children,  and 
left  countless  more  to  deal  with  the  health  consequences  of  the  exposure.  Prior  to  Syria, 
the  nerve  agent  attacks  in  Japan  have  left  many  victims  suffering  from  neuropsychiatric 
illnesses,  particularly  anxiety  disorders,  more  than  a  decade  later.  Uncovering  the  neuro- 
pathophysiological  mechanisms  underlying  the  development  of  anxiety  after  nerve  agent 
exposure  is  necessary  for  successful  treatment.  Anxiety  is  associated  with 
hyperexcitability  of  the  basolateral  amygdala  (BLA).  The  present  study  sought  to 
determine  the  nature  of  the  nerve  agent-induced  alterations  in  the  BLA,  which  could 
explain  the  development  of  anxiety.  At  24  hours  and  14  days  after  exposure  of  rats  to 
soman,  at  a  dose  that  induced  prolonged  status  epilepticus,  spontaneous  IPSCs  (sIPSCs) 
in  the  BLA  were  reduced,  along  with  reduction  in  the  frequency  but  not  amplitude  of 
miniature  IPSCs.  In  addition,  activation  of  a7-nicotinic  acetylcholine  receptors,  a 
cholinergic  receptor  that  participates  in  the  regulation  of  BLA  excitability  and  is  involved 
in  anxiety,  increased  sEPSCs  in  both  the  soman-exposed  rats  and  the  controls,  but  was 
less  effective  in  increasing  sIPSCs  in  the  soman-exposed  rats.  Despite  the  loss  of  both 
intemeurons  and  principal  cells  after  soman-induced  status  epilepticus,  the  frequency  of 
sEPSCs  was  increased  in  the  soman-exposed  rats.  Impaired  function  and  cholinergic 
modulation  of  GABAergic  inhibition  in  the  BLA  may  underlie  anxiety  disorders  that 
develop  after  nerve  agent  exposure. 

Keywords:  soman,  basolateral  amygdala,  anxiety,  GABAa  receptors,  inhibition,  alpha7 
nicotinic  receptors 


99 


Significance  Statement 


The  recent  sarin  attack  in  Syria  killed  1 ,429  people,  including  426  children,  and 
left  countless  more  to  deal  with  the  health  consequences  of  the  exposure.  Prior  to  Syria, 
the  nerve  agent  attacks  in  Japan  have  left  many  victims  suffering  from  neuropsychiatric 
illnesses,  particularly  anxiety  disorders,  more  than  a  decade  later.  The  biological 
mechanisms  underlying  the  development  of  anxiety  after  nerve  agent  exposure  are  not 
known;  uncovering  these  mechanisms  is  necessary  for  successful  treatment.  Our  study 
suggests  that  a  dramatic  impairment  in  the  function  of  the  GABAergic  system  in  the 
basolateral  amygdala,  including  reduced  tonic  inhibition  and  impaired  modulation  by  ay- 
nicotinic  acetylcholine  receptors,  along  with  an  increase  in  excitatory  neurotransmission, 
may  explain  the  development  of  anxiety  disorders  after  nerve  agent  exposure. 
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Introduction 


Many  survivors  of  the  August  2013  chemical  nerve  agent  attack,  which  killed 
1 ,429  Syrians  including  426  children,  will  have  to  deal  with  the  health  consequences  of 
the  exposure  (72).  Nerve  agents  are  organophosphorus  compounds  that  irreversibly 
inhibit  acetylcholinesterase  (AChE),  causing  an  accumulation  of  acetylcholine  (ACh)  at 
cholinergic  synapses;  hyperstimulation  of  cholinergic  receptors  raises  the  excitation  level 
to  the  point  of  seizure  generation.  If  pharmacological  intervention  is  not  immediately 
administered,  cholinergic  receptor  hyperstimulation  gives  way  to  excessive  activation  of 
the  glutamatergic  system,  which  sustains  and  intensifies  seizure  activity  (status 
epilepticus,  SE),  causing  profound  brain  damage  (174;  177;  222;  255)  and  long-term 
behavioral  deficits  (61;  91). 

Currently  approved  antidotes  can  be  effective  in  suppressing  seizure  activity  if 
given  immediately  after  an  exposure  (72).  However,  civilians  are  unequipped  to  self- 
administer  antidotes  after  an  attack,  and  delays  of  at  least  30  min  may  occur  before 
emergency  personnel  can  safely  assess  victims  to  provide  initial  treatments  (196;  296). 
Delaying  treatment  increases  the  incidence  of  neuropathology,  as  it  has  been  observed  in 
animal  models  of  nerve  agent  exposure;  seizures  lasting  20  min  cause  brain  damage  in 
approximately  10%  of  animals,  whereas  40  min  of  continuous  seizures  causes  damage  in 
approximately  79%  of  animals  (174).  If  seizures  are  not  controlled,  98%  of  surviving 
animals  suffer  moderate  to  severe  neuropathology  within  24  hours  of  nerve  agent 
exposure  (90;  174;  230;  231),  and  go  on  to  develop  long-term  neurological  and 
behavioral  impairments.  Victims  of  the  Tokyo  and  Matsumoto  sarin  attacks,  for  example, 
reported  symptoms  associated  with  anxiety  disorders  over  a  decade  after  the  attacks  (124; 
209).  Similarly,  animals  display  enduring  anxiety-  and  fear-like  behaviors  after  exposure 
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to  soman  (61;  91;  150;  187;  231).  The  mechanisms  underlying  the  development  of 
anxiety  after  nerve  agent  exposure  are  unknown.  Knowledge  of  these  mechanisms  is 
necessary  for  successfully  treating  these  behavioral  impairments. 

Anxiety  disorders  and,  in  particular,  posttraumatic  stress  disorder  (PTSD)  were 
the  most  documented  neuropsychiatric  deficits  observed  after  the  Japan  sarin  attacks 
(296).  PTSD  and  other  anxiety  disorders  are  associated  with  amygdalar  hyperactivity 
(143)  and  volumetric  loss  (243).  The  basolateral  amygdala  (BLA),  in  particular,  is 
recognized  for  its  central  role  in  the  generation  and  expression  of  anxiety  and  fear  (67; 

82;  1 52;  223;  240;  252;  269).  Because  GABAergic  inhibition  in  the  BLA  plays  a  central 
role  in  regulating  network  excitability  (149;  268;  293)  and  anxiety-like  behavior  (277), 
we  examined  how  GABAergic  inhibition  is  altered  24  hours  and  14  days  after  soman 
exposure  in  rats.  In  addition,  we  examined  whether  soman  exposure  alters  the  function  of 
a7-nicotinic  acetylcholine  receptors  (017-nAChRs),  which  are  involved  in  anxiety-like 
behavior  (88),  and  were  recently  shown  to  modulate  GABAergic  inhibition  in  the  BLA 
(225).  Our  results  revealed  deficits  in  GABAergic  inhibitory  synaptic  transmission, 
diminished  017-nAChR-mediated  enhancement  of  GABAergic  activity,  and  increased 
spontaneous  excitatory  activity  in  the  BLA  after  soman  exposure. 

Results 

Soman  was  administered  to  78  rats.  The  average  latency  to  Stage  3  seizure  onset, 
which  corresponds  to  the  initiation  of  SE,  was  5.76  ±  1.37  min.  Of  the  surviving  19  rats, 
12  rats  developed  prolonged  SE  (16;  89;  90)  and  were  subsequently  used  for 
electrophysiological  experiments.  Aged-matched  rats  that  were  not  exposed  to  soman 
served  as  controls. 
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Diminished  GABAergic  Inhibition  after  Soman-Induced  SE 

To  determine  whether  GABAergic  inhibition  was  reduced  after  SE,  we  recorded 
GABAa  receptor-mediated  spontaneous  inhibitory  postsynaptic  currents  (sIPSCs)  from 
principal  neurons  in  the  BLA,  in  the  presence  of  a-conotoxin  AulB  (1  pM),  DHBE  (10 
pM),  atropine  sulfate  (0.5  pM),  D-AP5  (50pM),  CNQX  (20  pM),  SCH5091 1  (10  pM), 
and  LY  3414953  (3  pM)  at  a  holding  potential  of  +30  mV.  Principal  neurons  were 
identified  based  on  their  firing  pattern  in  response  to  depolarizing  current  pulses  in  the 
current  clamp  mode,  and  the  presence  of  the  Ih  current  activated  by  hyperpolarizing 
voltage-steps,  in  the  voltage -clamp  mode  (21;  218;  225;  245).  The  mean  frequency  of 
sIPSCs  was  reduced  from  1 1.35  ±  0.61  Hz  in  the  control  rats  (n  =  20),  to  6.63  ±  0.88  Hz 
(n  =  1 8;  P  <  0.001 )  at  24  hours  after  soman  exposure,  and  7.78  ±  0.58  Hz  (n  =  24;  P  = 
0.001 )  at  14  days  after  exposure,  reflecting  a  41 .5  ±  7.7%  and  32.3  ±  5.2%  reduction  at 
the  24  hour  and  the  14  day  time  points,  respectively  (Figure  14A  and  B).  The  mean 
amplitude  of  sIPSCs  in  the  soman-exposed  rats  was  also  reduced  compared  to  controls 
(75.5  ±  9.2  pA),  by  37.2  ±  3.9%  (47.4  ±  2.9  pA;  P  =  0.005)  at  24  hours,  and  35.0  ±  4.7% 
(49.1  ±  3.5  pA;  P  -  0.005)  at  14  days  after  exposure  (Figure  14A  and  C).  There  were  no 
significant  differences  between  soman-exposed  rats  and  control  rats  in  the  rise  time  and 
the  decay  time  constant  of  the  sIPSCs.  These  results  suggest  a  reduced  inhibitory  tone  of 
BLA  pyramidal  cells  at  24  hours  and  14  days  after  SE. 
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Figure  14  Exposure  to  soman  reduces  the  frequency  and  amplitude  of  GABAa  receptor 
mediated  spontaneous  IPSCs.  Recordings  are  from  BLA  principal  cells  at  a 
holding  potential  of  +30  mV  and  internal  chloride  concentration  of  10  mM.  (A) 
Representative  traces  of  sIPSCs  recorded  from  BLA  pyramidal  cells  in  slices 
obtained  from  control  animals  and  from  animals  at  24  hours  and  14  days  after 
soman  exposure.  (B)  Significant  decreases  in  the  frequency  of  sIPSCs  was 
observed  at  24  hours  (n  =  1 8;  6.63  ±  0.88  Hz;  P  <  0.001 )  and  14  days  (n  =  24; 
7.78  ±  0.58  Hz;  P  =  0.001)  after  soman  exposure  compared  to  controls  (n  =  20; 

1 1.35  ±  0.61  Hz).  (C)  Cumulative  probability  amplitude  distributions  of  sIPSCs. 
The  mean  amplitude  of  sIPSCs  was  significantly  reduced  at  24  hours  (47.39 
±  2.91  pA;  P  =  0.005)  and  14  days  (49.06  ±  3.52  pA;  P  =  0.005)  after  exposure 
compared  to  controls  (75.51  ±  9.20  pA).  ***P  <  0.001  (One-way  AN OVA  with 
Tukey  post  hoc). 


To  determine  whether  the  reduction  of  sIPSCs  was  associated  with  a  decreased 
responsiveness  of  postsynaptic  GABAa  receptors  or  reduced  presynaptic  GABA  release, 
we  recorded  action  potential -independent,  miniature  IPSCs  (mIPSCs)  from  BLA 
pyramidal  neurons  of  soman-exposed  and  control  rats.  mIPSCs  were  recorded  at  a 
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holding  potential  of  +30  mV  in  the  presence  of  a-conotoxin  AulB  (1  pM),  DH13E  (10 
pM),  atropine  sulfate  (0.5  pM),  D-AP5  (50pM),  CNQX  (20  pM),  SCH5091 1  (10  pM), 
LY  3414953  (3  pM),  and  TTX  (0.5  pM).  The  mean  frequency  of  mIPSCs  was  reduced 
from  7.41  ±  0.47  Hz  in  control  rats  (n  =  20)  to  3.19  ±  0.24  Hz  (n  =  1 7;  P  <  0.001)  at  24 
hours,  and  4.75  ±  0.28  Hz  (n  =  24;  P  <  0.001)  at  14  days  after  exposure,  reflecting  a 
57.0  ±  3.2%  and  36.0  ±  3.8%  reduction  at  the  two  time  points,  respectively  (Figure  15A 
and  B).  There  were  no  significant  differences  in  mIPSC  amplitude  between  the  SE  groups 
(24-hour,  34.9  ±  0.76  pA;  14  day,  37.6  ±  1.4  pA)  and  the  controls  (35.9  ±  1.3  pA;  P's  > 
0.05)  (Figure  15C).  In  addition,  there  were  no  significant  differences  between  rats 
exposed  to  soman  and  control  rats  in  the  rise  time  and  the  decay  time  constant  of  the 
mIPSCs.  Thus,  the  reduced  frequency  and  amplitude  of  sIPSCs  (Figure  14)  did  not 
involve  a  decrease  in  the  responsiveness  of  postsynaptic  GABAa  receptors. 
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Figure  15  Exposure  to  soman  reduces  the  frequency  but  not  the  amplitude  of  GABAa 

receptor  mediated  miniature  IPSCs.  Recordings  are  from  BLA  principal  cells  at 
a  holding  potential  of  +30  mV  and  internal  chloride  concentration  of  10  mM. 
(A)  Representative  traces  of  mIPSCs  recorded  from  BLA  pyramidal  cells,  in 
slices  obtained  from  control  animals  and  from  animals  at  24  hours  and  14  days 
after  soman  exposure.  (B)  A  significantly  lower  frequency  of  mIPSCs  was 
observed  at  24  hours  (n  =  17;  3.19  ±  0.24  Hz;  P  <  0.001)  and  14  days  (n  =  24; 
4.75  ±  0.28  Hz;  P  <  0.001)  after  exposure,  compared  to  controls  (n  =  20;  7.41 
±  0.47  Hz).  (C)  Cumulative  probability  amplitude  distributions  of  mIPSCs. 
***p  <  0.001  (One-way  ANOVA  with  Tukey  post  hoc). 


Impaired  (X7-nAChR  Mediated  Enhancement  of  Inhibitory  Synaptic  Transmission 
after  Soman-Induced  SE 

The  ct7-nAChRs  are  expressed  on  both  GABAergic  intemeurons  and 
glutamatergic  neurons  in  the  BLA  (141 ;  225);  activation  of  these  receptors  enhance  both 
spontaneous  excitatory  postsynaptic  currents  (sEPSCs)  and  sIPSCs,  but  the  increase  of 
sIPSCs  is  significantly  greater  than  the  increase  of  sEPSCs  (225).  To  determine  if  the 
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modulation  of  GABAergic  transmission  by  (X7-nAChR.s  had  been  altered  in  the  soman- 


exposed  rats,  we  bath  applied  choline  chloride  while  recording  from  principal  neurons,  in 
the  presence  of  a-conotoxin  AulB  (1  pM),  DHBE  (10  pM),  atropine  sulfate  (0.5  pM),  D- 
AP5  (50pM),  CNQX  (20  pM),  SCH5091 1  (10  pM),  and  LY  3414953  (3  pM),  at  a  +30 
mV  holding  potential.  Choline  chloride  (5  mM)  was  bath-applied  at  a  flow  rate  of  ~8 
ml/min.  The  effect  was  immediate  and  consisted  of  the  transient  appearance  of  a  barrage 
of  sIPSCs  (Figure  16A),  as  we  have  observed  previously  (225).  To  quantify  the  effects, 
we  calculated  the  total  charge  transferred  during  choline  application.  The  charge,  in  pico 
Coulombs  (pC),  was  calculated  as  the  area  delimited  by  the  inhibitory  current  and  the 
baseline  (225).  The  measurement  of  the  charge  transferred  was  made  using  a  30  second 
time  window  from  the  peak  of  the  effect.  In  the  control  slices,  choline  application 
increased  the  charge  transferred  increased  to  8,872.3  ±  809.8  pC  (from  a  baseline  of 

224.4  ±  48.5  pC;  P  <  0.001;  paired  t-test;  n  =  17).  Twenty-four  hours  and  14  days  after 
soman  exposure,  the  charge  transferred  in  the  presence  of  choline  chloride  increased  from 

58.4  ±  10.6  pC  to  3,986.4  ±  671.6  pC  (n  =  16)  and  from  73.7  ±  10.1  pC  to  6,262.2  ± 

684.3  pC  (n  =  22;  P’s  <  0.001 ;  paired  t-test),  at  the  two  time  points,  respectively.  The 
total  charge  transferred  by  GABAa  current  in  the  presence  of  choline  was  significantly 
smaller  in  the  24-hour  soman  (P  <  0.001)  and  the  14-day  soman  group  (P  =  0.032) 
compared  to  the  controls  (Figure  16B).  In  addition,  the  mean  amplitude  of  the  sIPSCs 
recorded  in  the  presence  of  choline  was  significantly  reduced  at  24  hours  (95.7  ±  6.9  pA; 
P  =  0.037)  but  not  at  14  days  (121 .6  ±  7.8  pA;  P  =  0.938)  after  exposure,  compared  to 
controls  (125.3  ±  8.2  pA)  (Figure  16C).  These  results  suggest  that  the  a7-nAChR 
mediated  enhancement  of  GABAergic  inhibition  is  impaired  after  soman  exposure. 
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Figure  16  Exposure  to  soman  impairs  the  a7-nAChR-mediated  enhancement  of 
spontaneous  inhibitory  synaptic  transmission.  Recordings  are  from  BLA 
principal  cells  at  a  holding  potential  of  +30  mV  and  internal  chloride 
concentration  of  10  mM.  (A)  Bath  application  of  choline  chloride  (5  mM) 
increased  the  frequency  and  amplitude  of  sIPSCs  in  control  slices,  as  well  as  in 
slices  obtained  from  animals  at  24  hours  and  14  days  after  soman  exposure.  (B) 
The  increase  in  the  charge  transferred  by  sIPSCs  upon  application  of  choline 
chloride  was  significantly  lower  at  24  hours  after  soman  exposure  (n  =  16  ,P< 
0.001)  and  14  days  after  exposure  (n  =  22,  P  =  0.032)  compared  to  the  controls 
(n  =  17).  (C)  Cumulative  probability  amplitude  distributions  of  sIPSCs  in  the 
presence  of  choline.  The  mean  amplitude  of  sIPSCs  was  significantly  reduced  at 
24  hours  (P  =  0.037),  but  not  at  14  days  (P  =  0.938)  after  exposure,  compared  to 
controls.  *P  <  0.05;  ***P  <  0.001  (One-way  ANOVA  with  Dunnett  T  post 
hoc). 


To  determine  if  the  <X7-nAChR-mediated  enhancement  of  excitatory  activity  was 
also  impaired  in  the  soman  exposed  rats,  we  recorded  sEPSCs  and  sIPSCs  simultaneously 
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from  principal  neurons  in  the  presence  of  a-cono toxin  AulB  (1  pM),  DHBE  (10  pM), 
atropine  sulfate  (0.5  pM),  D-AP5  (50pM),  SCH5091 1  (10  pM),  and  LY  3414953  (3 
pM),  at  a  holding  potential  of  -58  mV  and  internal  chloride  concentration  of  1  mM.  Bath 
application  of  choline  chloride  (5  mM)  increased  both  sIPSCs  and  sEPSCs  (Figure  17). 
The  current  areas  were  analyzed  for  a  time  period  of  5  seconds  from  the  start  of  the 
response.  The  increase  in  charge  transferred  by  sEPSCs  in  control  slices  (from  4.0  ±  0.6 
pC  to  15.5  ±  1 .9  pC),  was  not  significantly  different  from  the  increase  in  the  24-hour 
soman  group  (from  3.9  ±  0.5  pC  to  14.3  ±  1 .7  pC),  or  the  14-day  soman  group  (from  3. 1 
±  0.5  pC  to  1 1 .7  ±  1.4  pC;  P's  >  0.05,  Figure  1 7D).  On  the  other  hand,  the  charge 
transferred  by  sIPSCs  in  the  presence  of  choline  chloride  was  increased  from  3.3  ±  0.7 
pC  to  137.9  ±  28.9  pC  in  the  control  rats  (n  =  12),  from  3.0  ±  0.5  pC  to  70.2  ±  10.5  pC  in 
the  24  hour  soman  group  (n  =  16,  P  =  0.017  compared  to  controls),  and  from  1.1  ±  0.3  pC 
to  47.4  ±  7.3  pC  in  the  14  day  soman  group  (n  =  14,  P  =  0.002  compared  to  controls; 
Figure  17E).  Thus,  soman  exposure  does  not  impair  the  a 7 -n AChR-mediated 
enhancement  of  excitatory  activity  in  the  BLA. 
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Figure  1 7  The  017-nAChR-mediated  enhancement  of  spontaneous  excitatory  synaptic 
transmission  is  not  impaired  after  soman  exposure.  Recordings  were  obtained 
from  principal  neurons  at  a  holding  potential  of  -58  mV  and  internal  chloride 
concentration  of  1  mM.  (A-C)  Bath  application  of  choline  chloride  (5  mM) 
induced  a  transient  increase  in  the  frequency  and  amplitude  of  both  sIPSCs 
(outward  currents)  and  sEPSCs  (inward  currents).  (D)  The  charge  transferred  by 
sEPSCs  during  choline  application  was  not  significantly  altered  at  24  hours  or 
14  days  after  soman  exposure  compared  to  controls.  (E)  The  charge  transferred 
by  sIPSCs  was  significantly  reduced  at  24  hours  (n  =  16;  P  =  0.017)  and  14 
days  (n  =  14;  P  =  0.002)  after  soman  exposure  compared  to  controls  (n  =  12 ).*P 
<  0.05;  **P  <  0.01  (One-way  ANOVA  with  Dunnett  T  post  hoc). 


Increased  Spontaneous  Excitatory  Activity  after  Soman-Induced  SE 

After  soman-induced  SE,  the  BLA  suffers  significant  loss  of  both  principal  cells 
and  intemeurons  (90;  231).  The  loss  of  principal  neurons  could  produce  a  reduction  in 
tonic  glutamatergic  activity.  However,  this  could  be  compensated  by  the  concomitant  loss 
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of  intemeurons  and  the  decreased  tonic  inhibition  (Figure  14  and  15).  To  determine 
whether  there  are  alterations  in  the  tonic  glutamatergic  activity  in  the  BLA  after  soman 
exposure,  we  recorded  sEPSCs  from  principal  neurons  in  the  presence  of  a-conotoxin 
AulB  (1  pM),  DHliE  (10  pM),  atropine  sulfate  (0.5  pM),  D-AP5  (50pM),  SCH5091 1  (10 
pM),  and  LY  3414953  (3  pM),  at  a  holding  potential  of  -58  mV  and  internal  chloride 
concentration  of  1  mM.  The  mean  frequency  of  sEPSCs  was  6.3  ±  0.5  Hz  in  the  control 
rats,  1 1 .9±  1 .3  Hz  in  the  24  hour  soman  group  (P  <  0.001  compared  to  controls),  and  9.7 
±1.6  Hz  in  the  14  day  soman  group  ( P  =  0.040  compared  to  controls),  reflecting  a  87.7  ± 
21.0%  and  54.0  ±  25.4%  increase  after  soman  exposure,  at  24  hours  and  14  days, 
respectively  (Figure  18A).  There  were  also  differences  between  the  control  group  and  the 
soman-exposed  rats  in  the  amplitude  of  the  sEPSCs.  The  mean  amplitude  of  sEPSCs  was 
12.8  ±  0.3  pA  in  control  rats  (n  =  28),  14.1  ±  0.6  pA  in  the  24  hour  soman  group  (n  =  16; 
P  =  0.172)  and  14.8  ±  1.0  pA  in  the  14  day  soman  group  (n  =  14;  P  =  0.031).  The 
amplitude  distribution  in  the  three  groups  in  shown  in  Figure  1 8B. 
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Figure  1 8  Spontaneous  excitatory  synaptic  transmission  is  increased  after  soman 
exposure.  Recordings  were  obtained  from  principal  neurons  at  a  holding 
potential  of  -58  mV  and  internal  chloride  concentration  of  1  mM.  (A)  The 
frequency  of  sEPSCs  was  greater  at  24  hours  (P  <  0.001;  n  =  16)  and  14  days  (P 
=  0.04;  n  =  14)  after  soman  exposure,  compared  to  controls  (n  =  28).  (B) 
Amplitude-frequency  histograms  showing  the  effects  of  soman  on  sEPSCs,  at 
24  hours  (n  =  16)  and  14  days  (n  =  14)  after  exposure,  compared  to  controls  (n  = 
28).  *P  <  0.05;  **P  <  0.01;  ***P  <  0.001  (One-way  ANOVA  with  Dunnett  T 
post  hoc). 
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Discussion 


The  most  debilitating  neuropsychiatric  symptoms  reported  by  victims  of  the  Japan 
sarin  attack,  more  than  a  decade  later,  were  indicative  of  anxiety  disorders,  including 
PTSD  (296).  However,  the  pathophysiological  mechanisms  underlying  these  enduring 
emotional  deficits  have  been  unknown.  This  is  the  first  study  to  provide  evidence  that 
anxiety  disorders  caused  by  nerve  agent  exposure  are  due  to  reduced  GABAergic 
inhibition  in  the  BLA  and  increases  in  spontaneous  excitatory  activity.  The  observed 
decrease  in  spontaneous  inhibitory  synaptic  transmission  after  soman  exposure  was  not 
due  to  postsynaptic  alterations  in  GABAa  receptor  function,  as  there  was  no  significant 
decrease  in  the  amplitude  of  GABAa  receptor-mediated  mIPSCs.  We  also  found  that 
activation  of  ct7-nAChRs  by  choline  chloride  was  less  effective  in  enhancing  inhibitory 
activity  in  the  soman-exposed  rats  compared  to  controls,  while  there  was  no  significant 
difference  between  the  groups  in  the  enhancement  of  sEPSCs  upon  a7-nAChR  activation. 
Spontaneous  glutamatergic  activity  was  enhanced  in  the  BLA  of  the  soman-exposed  rats, 
which  was  probably  a  result  of  the  decreased  inhibitory  tone.  As  anxiety  disorders  are 
associated  with  increased  excitatory  activity  and  excitability  in  the  BLA  (82;  143;  223) 
the  data  presented  here  explain  the  development  of  anxiety  after  nerve  agent  exposure. 

The  presence  of  anxiety  disorders  that  ensued  in  the  Japan  sarin-attack  victims 
(124;  209)  was  accompanied  by  reduced  regional  gray  matter  volumes  in  the  amygdala 
(243).  Similar  observations  have  been  made  in  animals,  where  exposure  to  soman  has 
caused  amygdalar  atrophy  (50;  107)  and  enduring  increases  in  anxiety-  and  fear-like 
behaviors  (61;  91;  150;  187;  231).  The  decreases  in  gray  matter  volume  after  nerve  agent 
exposure  reflect  the  death  of  principal  neurons  and  GABAergic  intemeurons  (90;  1 74; 
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231;  255).  GABAergic  intemeurons  in  the  BLA  account  for  approximately  15-20%  of  the 
total  neuronal  population  (172;  245;  268),  and  tightly  regulate  principal  neuron 
excitability  (148;  214;  228;  266).  Our  results  suggest  that  the  dramatic  reduction  in 
spontaneous  GABAergic  activity  after  soman  exposure,  due  to  deficits  in  GABA  release 
or  the  loss  of  GABAergic  intemeurons  (90;  23 1),  disrupts  the  capability  of  inhibitory 
inputs  to  regulate  excitatory  neurons  in  the  BLA,  causing  a  significant  increase  in 
glutamatergic  activity;  this  can  promote  hyperactivity  in  the  BLA  network  and  ultimately 
result  in  the  development  of  anxiety  (67;  82;  152;  239;  282).  In  consistency  with  this 
view,  it  has  been  previously  shown  that  damage  to  GABAergic  intemeurons  in  the  BLA 
leads  to  anxiety-like  behavior  (277). 

Interestingly,  after  soman-induced  SE,  there  is  a  significant  loss  of  principal  BLA 
neurons  already  at  24  hours  after  the  exposure,  but  the  number  of  GABAergic 
intemeurons  is  not  reduced  at  this  early  time  point;  when  examined  7  days  later, 
intemeurons  are  also  significantly  reduced,  and  by  14  days  after  exposure,  the  ratio  of  the 
number  of  GABAergic  intemeurons  to  the  total  number  of  neurons  in  the  BLA  is 
significantly  decreased  (231).  The  results  presented  here  indicate  that  tonic  GABAergic 
activity  is  already  dramatically  decreased  at  24  hours  after  exposure,  despite  that  there  is 
no  evidence  of  intemeuronal  death  at  this  time  point,  suggesting  that  the  function  of 
intemeurons  is  already  compromised.  Assuming  that  the  intemeurons  maintain  the 
viability  of  all  of  their  inhibitory  presynaptic  terminals,  at  24  hours  post-exposure,  the 
reduced  frequency  of  the  mIPSCs  at  that  time  point  would  suggest  deficits  in  quantal 
release  of  GABA,  as  it  has  been  observed  in  models  of  temporal  lobe  epilepsy  (121). 
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A  number  of  modulatory  systems  are  involved  in  regulating  BLA  excitability, 
mainly  by  affecting  the  excitability  state  of  the  principal  cells  and/or  the  GABAergic 
intemeurons.  The  cholinergic  input  to  the  amygdala  from  the  basal  forebrain  appears  to 
be  of  major  importance  in  this  regard,  as  suggested  by  the  remarkably  dense  cholinergic 
innervation  of  the  BLA  (183),  its  exceptionally  high  AChE  activity  (31;  230;  231),  as 
well  as  the  increase  in  anxiety-like  behavior  when  the  function  of  the  basal  forebrain  is 
disrupted  (169).  The  most  well  known  behavioral  evidence  for  the  importance  of  the 
cholinergic  system  in  the  regulation  of  amygdalar  function  comes  from  the  symptoms  of 
Alzheimer’s  disease,  where  anxiety  is  prevalent  (80;  87).  In  the  case  of  anxiety  that 
develops  after  nerve  agent  exposure,  its  association  with  impairments  in  the  cholinergic 
modulation  of  the  BLA  would  not  be  surprising,  particularly  considering  that  inhibition 
of  AChE  is  the  primary  effect  of  nerve  agents,  and  AChE  in  the  BLA  remains  inhibited 
for  about  a  week  (230);  the  resulting  long-term  derangements  in  cholinergic  activity  are 
likely  to  affect  the  function  of  the  cholinergic  system.  From  the  different  types  of 
cholinergic  receptors,  the  aynAChRs  have  been  shown  to  play  an  anxiolytic  role  (32; 

88),  and  we  recently  demonstrated  that  in  the  rat  BLA  017-nAChR  activation  increases 
both  sIPSCs  and  sEPSCs,  but  the  net  effect  is  a  transient,  dramatic  increase  of 
GABAergic  activity  (225).  Here,  we  found  that  after  exposure  to  soman,  the  017-nAChR- 
mediated  enhancement  of  inhibitory  activity  -  but  not  the  excitatory  activity  -  is 
impaired.  The  most  plausible  explanation  of  these  results  is  that  the  loss  of  principal  BLA 
neurons  in  the  soman-exposed  rats  (23 1 )  is  not  high  enough  to  significantly  impair  the 
increase  of  excitatory  activity  upon  aj-nAChR  activation,  while  the  46%  loss  of 
intemeurons  (231)  has  more  profound  consequences,  including  an  impaired  enhancement 
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of  inhibitory  activity  when  a7-nAChRs  are  activated  in  the  BLA  network.  The 
involvement  of  other  mechanisms,  such  as  differential  alterations  in  the  function  or 
density  of  a7-nAChRs  on  BLA  intemeurons  versus  principal  cells  cannot  be  excluded. 
The  impaired  modulation  of  GABAergic  inhibition  by  a7-nAChRs  after  soman  exposure 
may  contribute  to  BLA  hyperexcitability  and  the  development  of  anxiety. 

A  major  health  concern  for  survivors  of  the  Syrian  nerve  agent  attack  is  the 
development  of  anxiety  disorders.  Thus  far,  no  effective  treatments  against  chronic 
neuropsychiatric  and  neurological  symptoms  caused  by  nerve  agent  exposure  have  been 
developed  (53;  72).  Individuals  with  anxiety  disorders  are  often  treated  with 
pharmacological  agents  that  target  the  GABAergic  system  to  enhance  inhibitory 
transmission  and  thus  reduce  anxiety  (65;  241).  Epidemiological  studies  have  shown  that 
treatments  targeting  the  GABAergic  system  have  repeatedly  failed  to  alleviate  symptoms 
associated  with  PTSD  (41;  51;  65;  241).  While  unclear  why  these  drugs  fail  to  mitigate 
the  majority  of  symptoms  associated  with  PTSD,  our  study  suggests  that  a  severely 
impaired  inhibitory  function  in  the  BLA  may  be  a  reason  for  the  lack  of  effectiveness  of 
these  compounds.  Our  results  also  suggest  that  targeting  excitatory  synaptic  transmission 
may  be  a  more  direct  and  efficacious  therapeutic  strategy  to  reduce  BLA 
hyperexcitability  and  the  expression  of  anxiety  in  PTSD  patients  after  nerve  agent 
exposure.  Following  this  strategy,  a  new  class  of  therapeutic  options  can  become 
available.  For  example,  antagonists  of  kainate  receptors  containing  the  GluKl  subunit  are 
not  effective  only  against  nerve  agent-induced  seizures  and  brain  damage  (90),  but  they 
also  have  anxiolytic  effects  (2 1 ). 
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The  present  study  showed  that  exposure  to  a  nerve  agent,  at  a  dose  that  induces 
prolonged  SE,  damages  the  function  of  the  GABAergic  system  in  the  BLA,  resulting  in 
significantly  increased  tonic  excitatory  activity.  This  is  evidence  of  BLA 
hyperexcitability,  which  is  a  characteristic  feature  of  anxiety  disorders  (82;  240;  252; 
269).  These  findings,  therefore,  suggest  that  the  development  of  anxiety  disorders  after 
nerve  agent  exposure,  as  seen  in  the  victims  of  the  sarin  attacks  in  Japan,  is  not 
necessarily  due  to  the  stress  component  of  the  experience,  but  rather  it  can  be  due  to  the 
damage  of  the  GABAergic  system  by  the  seizures  induced  by  the  nerve  agent.  It  is 
conceivable  that  any  brain  insult  that  produces  long-term  hyperexcitability  in  the  BLA, 
by  impairing  GABAergic  inhibition  and/or  by  other  mechanisms,  can  have  the  potential 
to  culminate  in  development  of  anxiety.  Our  findings  also  suggest  that  because 
GABAergic  inhibition  in  the  BLA  can  be  severely  damaged  after  nerve  agent  exposure,  a 
more  efficacious  approach  to  treating  anxiety  in  exposure  victims  may  be  to  suppress 
glutamatergic  excitatory  activity. 

Materials  and  Methods 
Animals 

Experiments  were  performed  using  27-30  day  old  (~75  g)  male,  Sprague-Dawley 
rats  (Charles  River  Laboratories,  Inc.,  Wilmington,  MA).  Animals  were  individually 
housed  in  an  environmentally  controlled  room  (20-23°C,  -44%  humidity,  12-h  light/1 2-h 
dark  cycle  [350-400  lux],  lights  on  at  6:00  am),  with  food  (Harlan  Teklad  Global  Diet 
2018, 1 8%  protein  rodent  diet;  Harlan  Laboratories;  Indianapolis,  IN)  and  water  available 
ad  libitum.  Cages  were  cleaned  weekly  and  animal  handling  was  minimized  to  reduce 
animal  stress  (232).  All  animal  experiments  were  conducted  following  the  Guide  for  the 
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Care  and  Use  of  Laboratory  Animals  (Institute  of  Laboratory  Animal  Resources,  National 
Research  Council),  and  were  approved  by  the  U.S.  Army  Medical  Research  Institute  of 
Chemical  Defense  and  the  Uniformed  Services  University  of  the  Health  Sciences 
Institutional  Animal  Care  and  Use  Committees. 

Experimental  Procedures 

Soman  Administration  and  Drug  Treatment 

Soman  (pinacoyl  methylphosphonofluoridate)  obtained  from  Edgewood  Chemical 
Biological  Center  (Aberdeen  Proving  Ground,  MD,  USA)  was  diluted  in  cold  saline  and 
administered  via  a  single  subcutaneous  injection  (149  pg/kg),  which,  based  on  previous 
studies,  is  an  approximate  dose  of  1.35  x  LD50  (90;  129).  To  increase  survival  rate,  rats 
were  administered  2  mg/kg  atropine  sulfate  (Sigma,  St.  Louis  MO)  20  minutes  after 
injection  of  soman.  Rats  were  monitored  for  signs  of  seizure  onset,  and  continuously 
rated  for  seizure  severity  according  to  the  modified  Racine  Scale:  Stage  0,  no  behavioral 
response;  Stage  1 ,  behavioral  arrest,  orofacial  movements,  chewing;  Stage  2,  head 
nodding/myoclonus;  Stage  3,  unilateral/bilateral  forelimb  clonus  without  rearing,  straub 
tail,  extended  body  posture;  Stage  4,  bilateral  forelimb  clonus  plus  rearing;  Stage  5, 
rearing  and  falling;  Stage  6,  full  tonic  seizures  (236;  237).  Control  animals  received 
atropine  sulfate,  and  were  injected  with  saline  instead  of  soman. 

Electrophysiological  Experiments 

Twenty-four  hours  or  14  days  after  soman  exposure,  animals  were  anesthetized 
with  3-5%  isoflurane  before  decapitation.  Coronal  brain  slices  (400  pm-thick)  containing 
the  amygdala  (-2.64  to  -3.36  from  Bregma)  were  cut  using  a  vibratome  (Leica  VT  1200 
S;  Leica  Microsystems,  Buffalo  Grove,  IL),  in  ice-cold  cutting  solution  consisting  of  (in 
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mM):  115  sucrose,  70  NMDG,  1  KC1,  2  CaCl2, 4  MgCl2,  1.25  NaH2P04, 30  NaHC03. 
The  slices  were  transferred  to  a  holding  chamber,  at  room  temperature,  in  a  bath  solution 
containing  (in  mM):  125  NaCl,  2.5  KC1,  1.25  NaH2P04,  21  NaHC03,  2  CaCl2,  1  MgCl2, 
and  1 1  D-glucose.  Recording  solution  was  the  same  as  the  holding  bath  solution.  All 
solutions  were  saturated  with  95%  02  /  5%  C02  to  achieve  a  pH  near  7.4.  The  recording 
chamber  (0.7  mL  capacity)  had  continuously  flowing  ACSF  (~6-8  mL/min)  at 
temperature  32~33°C.  The  osmolarity  of  this  external  solution  was  adjusted  to  325 
mOsm  with  D-glucose. 

Whole-cell  recordings  were  obtained  from  neurons  visualized  under  infrared  light 
using  Nomarski  optics  of  an  upright  microscope  (Zeiss  Axioskop  2,  Thomwood,  NY) 
through  a  40x  water  immersion  objective,  equipped  with  a  CCD-100  camera  (Dage-MTI, 
Michigan  City,  IN(90).  The  patch  electrodes  had  resistances  of  3. 5-4.5  MQ  when  filled 
with  the  internal  solution  (in  mM):  60  CsCH3S03,  60  KCH3S03,  10  KC1, 10  EGTA,  10 
HEPES,  5  Mg-ATP,  0.3  Na3GTP  (pH  7.2),  290  mOsm  (225).  When  sIPSCs  and  sEPSCs 
were  recorded  simultaneously,  the  internal  chloride  concentration  was  1  mM,  and 
osmolarity  was  adjusted  with  potassium  gluconate.  Tight-seal  (over  1  GQ)  whole-cell 
recordings  were  obtained  from  the  cell  body  of  pyramidal  neurons  in  the  BLA  region  and 
were  identified  on  the  basis  of  their  electrophysiological  properties  (218;  245).  Access 
resistance  (15-24  MQ)  was  regularly  monitored  during  recordings,  and  cells  were 
rejected  if  the  resistance  changed  by  more  than  15%  during  the  experiment.  Ionic  currents 
and  action  potentials  were  amplified  and  filtered  (1  kHz)  using  the  Axopatch  200B 
amplifier  (Axon  Instruments,  Foster  City,  CA)  with  a  four-pole,  low-pass  Bessel  filter, 
were  digitally  sampled  (up  to  2  kHz)  using  the  pClamp  10.2  software  (Molecular 
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Devices,  Sunnyvale,  CA),  and  analyzed  using  the  Mini  Analysis  program  (Synaptosoft 
Inc.,  Fort  Lee,  NJ),  Origin  (OriginLab  Corporation,  Northampton,  MA),  or  GraphPad 
Prism  (GraphPad  Software,  La  Jolla,  CA).  In  some  experiments,  the  charge  transferred  by 
postsynaptic  currents  was  calculated,  using  the  Mini60  software  by  Synaptosoft 
(Synaptosoft  Inc.,  Fort  Lee,  NJ). 

Drugs  used  were  as  follows:  bicuculline  methiodide,  a  GABAa  receptor 
antagonist,  atropine  sulfate,  a  muscarinic  AChR  antagonist,  dihydro-B-erythoidine 
(DHBE),  an  0,4 B2  nicotinic  receptor  antagonist,  choline  chloride,  an  0,7  agonist,  and 
CNQX,  an  AMP  A/kainate  receptor  antagonist  (all  purchased  from  Sigma- Aldrich,  St. 
Louis;  MO).  We  also  used  D-AP5,  an  NMDA  receptor  antagonist,  SCH5091 1,  a  GABAb 
receptor  antagonist,  a-conotoxin  AulB,  an  CX3B4  nicotinic  receptor  antagonist,  and  LY 
341495,  a  metabotropic  glutamate  group  II/III  receptor  antagonist  (all  purchased  from 
Tocris,  Ellisville,  MO). 

Statistical  Analysis 

Statistical  values  are  presented  as  mean  ±  standard  error  (SE).  Analyses  were 
conducted  using  a  one-way  ANOVA  followed  by  Tukey  or  Dunnett  T  post-hoc  tests. 
Results  were  considered  statistically  significant  when  P  <  0.05.  Sample  size  refers  to 
the  number  of  recorded  neurons. 
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CHAPTER  5:  Discussion 


The  purpose  of  this  dissertation  is  to  identify  the  brain  regions  responsible  for 
seizure  onset  after  exposure  to  a  nerve  agent  and  the  underlying  pathological  and 
pathophysiological  alterations  responsible  for  the  development  of  anxiety  disorders  after 
a  nerve  agent  exposure.  Revealing  these  mechanisms  allows  for  new  and  efficacious 
.  treatments  to  be  developed  to  mitigate  the  neuropsychiatric  symptoms  and  increase 
recovery  in  exposed  victims.  We  found  that  exposure  to  soman  rapidly  and  irreversibly 
inhibits  AChE  in  multiple  brain  regions,  including  the  BLA,  hippocampus,  and  piriform 
cortex  (230).  If  AChE  activity  is  not  sufficiently  inhibited  in  the  BLA,  animals  do  not 
develop  seizures  and  no  neuronal  loss  or  neurodegeneration  occurs,  at  least  up  to  7  days 
after  exposure.  However,  if  AChE  is  sufficiently  inhibited  in  the  BLA  and  seizures  ensue, 
severe  neuropathology  and  pathophysiological  alterations  occur. 

Because  the  BLA  plays  a  central  role  in  seizure  generation  and  hyperactivity 
within  the  BLA  is  associated  with  anxiety  disorders,  we  examined  the  morphological  and 
pathophysiological  alterations  that  occur  within  the  BLA  and  related  this  to  the  long- 
lasting  increases  in  anxiety-like  behavior  observed  within  14  days  of  soman  exposure. 
Approximately  35%  of  the  total  population  of  neurons  in  the  BLA  die  within  24  hours 
and  neurodegeneration  is  ongoing  up  to  30  days  after  the  exposure.  In  addition, 
GABAergic  intemeurons  die  within  7  days  of  nerve  agent  exposure  and  the  ratio  of 
GABAergic  intemeurons  to  total  number  of  neurons  is  reduced  14  and  30  days  after 
exposure  (231).  The  loss  of  GABAergic  intemeurons  and  the  presumptive  deficits  to 
GABAergic  inhibition,  led  to  an  increase  in  the  duration  of  BLA  field  potentials  and  an 
increase  in  the  paired  pulse  ratio  at  all  time  points  after  exposure.  In  addition,  synaptic 


122 


plasticity  was  also  impaired  up  to  14  days  after  SE  (231).  To  more  closely  assess  the 
mechanisms  underlying  hyperactivity  and  subsequent  anxiety-like  behavior  in  animals, 
we  examined  whether  soman  exposure  disrupted  GABAergic  inhibition.  We  found  that 
exposure  to  soman  dramatically  impaired  the  function  of  the  GABAergic  system  in  the 
BLA,  including  reduced  inhibition  and  impaired  modulation  by  aynAChRs.  The  loss  of 
inhibition  led  to  long-lasting  increases  in  glutamatergic  activity.  Thus,  the  decrease  in 
inhibitory  tone  and  subsequent  increases  in  glutamatergic  activity  may  be  an  underlying 
mechanism  responsible  for  the  development  of  anxiety  after  a  nerve  agent  exposure. 

AChE  Inhibition  and  Recovery  After  Nerve  Agent  Exposure 

Following  exposure  to  a  nerve  agent,  AChE  activity  is  rapidly  and  irreversibly 
inhibited,  causing  an  accumulation  of  ACh  at  cholinergic  synapses.  The  reduction  in 
AChE  activity  was  observed  in  victims  from  both  the  Japan  and  Syria  attacks.  Civilians 
immediately  killed  by  sarin  exposure  in  Japan,  for  example,  had  severely  reduced  blood 
and  brain  AChE  concentrations  (198).  Similarly,  surviving  victims  severely  intoxicated 
by  sarin  had  significantly  reduced  serum  AChE  as  well  as  reduced  AChE  in  erythrocytes 
( 1 89;  296).  Although  AChE  concentrations  remained  reduced  3  weeks  after  exposure, 
blood  concentrations  of  AChE  returned  to  normal  3  months  after  the  exposure  (1 89).  We 
found  that  AChE  was  inhibited  by  more  than  90%  in  brain  regions  responsible  for  seizure 
generation  after  nerve  agent  exposure,  but  for  seizure  induction,  AChE  must  be 
significantly  inhibited  in  the  BLA  (230).  The  results  imply  that  AChE  inhibition  in  the 
piriform  cortex  and  hippocampus,  regions  previously  thought  to  be  essential  in  the 
generation  of  seizures  after  nerve  agent  exposure  (195),  does  not  sufficiently  increase 
excitability  for  seizure  generation,  nor  is  the  increase  in  excitability  from  these  two 
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regions  propagated  to  other  brain  regions  and  culminate  in  seizure  onset  (230).  While  no 
significant  recovery  of  AChE  activity  occurs  within  the  first  24  hours,  AChE  recovers  in 
a  region  dependent  manner,  with  AChE  activity  recovering  more  quickly  in  the  BLA  than 
the  piriform  cortex,  hippocampus,  and  prelimbic  cortex  (231). 

The  role  of  the  BLA  in  seizure  generation  has  been  well  documented  (19;  230). 
Microinjection  of  VX  or  soman  (in  combination  with  carbachol  or  lithium  chloride),  for 
example,  only  induces  convulsive  activity  when  injected  into  the  amygdala  as  compared 
to  injections  in  the  piriform  cortex  and  hippocampus  (175).  Similarly,  microinjection  of 
scopolamine,  a  mAChR  antagonist,  into  the  BLA,  is  more  potent  in  blocking  seizures 
than  injections  to  any  other  brain  region  (264).  The  data  in  Chapter  2  and  3  demonstrate, 
for  the  first  time,  that  the  generation  of  seizures  only  occurs  when  AChE  is  inhibited  by 
more  than  90%  in  the  BLA  (230).  No  recovery  of  AChE  activity  occurs  within  the  first 
24  hours,  but  AChE  activity  recovers  within  7  days  in  the  BLA  and  14  days  in  other  brain 
regions.  The  results  imply  that  the  BLA  is  a  necessary  brain  region  for  seizure  generation, 
but  also  suggests  that  the  long-lasting  behavioral  alterations  may  not  be  a  result  of 
cholinergic  receptor  hyperstimulation  since  AChE  completely  recovers. 

Early  studies  demonstrated  that  inhibition  of  AChE  by  soman  causes  an  increase 
in  ACh  concentrations  (145;  177).  The  generation  of  seizures  is  associated  with 
hyperactivity  of  cholinergic  receptors,  whereas  glutamatergic  receptor  hyperstimulation 
sustains  and  reinforces  seizures  (176).  However,  because  seizures  continue  for  many 
hours  after  the  initial  exposure  (16;  89;  90),  if  left  untreated,  it  is  unlikely  that  the 
cholinergic  system  sustains  the  seizures.  Evidence  in  favor  of  this  hypothesis  includes:  1) 
generation  of  seizures  does  not  occur  unless  AChE  is  sufficiently  inhibited  and  there  is  an 
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accumulation  of  ACh  in  the  BLA  (230);  2)  ACh  concentrations  rapidly  increase  and  peak 
within  90  min  of  SE  onset  in  the  amygdala  and  50  min  in  septohippocampal  areas  before 
returning  to  baseline  values,  whereas  glutamate  concentrations  remain  elevated  after 
soman  exposure  (145);  3)  AChE  concentrations  remain  reduced  up  to  7  days  after  SE  in 
the  BLA,  yet  animals  do  not  display  seizure  activity  during  the  latency  period  after  the 
initial  SE  but  before  the  occurrence  of  spontaneous  seizures  (68);  and  4)  mAChR 
autoreceptors  at  cholinergic  terminals  inhibit  ACh  release  (145).  In  addition,  it  would  be 
expected  that  with  AChE  inhibition,  choline  levels  should  decrease,  as  has  been 
demonstrated  after  administration  of  the  organophosphates  dichlorvos  or  diisopropyl 
phosphorofluoridate  (94;  186).  However,  choline  concentrations  remain  elevated  between 
40  min  and  4  hours  after  soman  exposure  before  returning  to  baseline  concentrations 
(94).  The  increase  in  choline  concentrations  after  soman  exposure  may  result  from 
deficits  in  choline  acetyltransferase  activity,  which  has  previously  been  found  to  facilitate 
the  transfer  of  acetate  to  the  choline,  producing  ACh  (74);  alternatively,  increased  choline 
concentrations  may  be  a  product  of  enzymatic  degradation  of  the  phospholipid 
phosphoglyceride  by  phospholipase  (43;  254).  Thus,  while  choline  levels  remain 
elevated,  ACh  concentrations  decrease  over  time,  whereas  glutamate  levels  remain 
elevated.  This  suggests  that  AChE  inhibition  is  necessary  for  SE  onset  but  not  for 
sustaining  and  reinforcing  seizures. 

The  evidence  provided  in  Chapter  2  suggests  that  in  the  no-SE  animals,  soman 
readily  crosses  the  blood  brain  barrier  and  inhibits  AChE  activity  in  the  piriform  cortex 
and  hippocampus,  but  AChE  was  not  sufficiently  reduced  in  the  BLA.  An  important 
question  is  why  AChE  is  not  inhibited  in  the  BLA  of  the  no-SE  animals  while  AChE  was 
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sufficiently  inhibited  in  the  SE  animals.  Initial  hypotheses  may  be  that  there  are 
mutations  to  AChE  in  the  amygdala  versus  other  brain  regions.  In  agreement,  point 
mutations  near  the  catalytic  triad  Ser302  have  been  found  to  reduce  sensitivity  of  AChE 
to  organophosphate  pesticides  (284),  thus  leading  to  AChE  resistance  to  inhibition  by  an 
organophosphorus  agent.  In  addition,  the  human  butyrylchol inesterase  (BChE)  mutant 
G1 17H  leads  to  increased  resistance  to  organophosphorus  toxicity  by  either  hydrolyzing 
the  agent  or  by  hydrolyzing  ACh  after  AChE  inhibition  (286).  It  is  unlikely,  however, 
that  mutations  would  be  specific  to  the  BLA;  rather,  these  mutations  would  likely  take  on 
a  global  effect.  In  addition,  if  AChE  hydrolyzes  ACh  more  efficiently,  as  occurs  with  the 
BChE  mutant  G1 17H,  then  binding  of  thiochoine  to  the  DTNB  chromogen  would  have 
generated  a  more  pronounced  yellow  color  as  read  by  the  spectophotometer.  Other 
hypotheses  for  increased  resistance  may  be  that  AChE  is  in  a  phosphorylated  state,  which 
can  subsequently  enhance  hydrolysis  of  ACh  (104).  While  phosphorylation  of  AChE 
would  leave  the  enzyme’s  affinity  for  ACh  unaltered,  phosphorylation  of  AChE  has  been 
found  to  enhance  acetylthiocholine  hydrolysis  near  10-fold  (104),  and  would  then  be 
observed  as  a  much  larger  increase  in  AChE  activity  in  our  assay.  Whether  AChE  being 
in  a  phosphorylated  state  prevents  nerve  agents  from  binding  to  the  enzyme  remains 
unknown. 

A  more  likely  contributor  to  the  resistance  of  AChE  inhibition  by  nerve  agents 
may  be  alterations  to  microRNA  (miR).  Stress  has  been  found  to  differentially  alter  miR 
in  both  the  CA1  hippocampal  region  and  in  the  amygdala  (181).  miR- 134  and  miR- 183 
encodes  the  splicing  factor  SC35,  which  in  turn  promotes  alternative  splicing  of  AChE 
from  the  synapse-associated  isoform  to  the  rare  soluble  protein  (181).  Chronic  stress  has 
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been  found  to  decrease  miR-134  in  the  amygdala,  while  leaving  miR-183  unaltered  in  the 
CA1  and  amygdala.  The  reduced  miR-134  in  the  amygdala  increases  the  expression  of 
SC35  protein  and  the  alternative  splicing  of  AChE  (181).  Perhaps,  baseline  alterations  to 
miR-134  in  the  amygdala  may  contribute  to  increased  resistance  of  AChE  from  being 
inhibited  by  soman  as  it  may  be  in  a  different  molecular  form.  Indeed,  while  the  G4 
isoform  is  the  most  widely  expressed  molecular  form  of  AChE  in  the  brain,  regional 
differences  in  AChE  isoforms  have  been  observed.  Patients  with  Alzheimer’s  disease,  for 
example,  have  been  shown  to  have  a  marked  decrease  of  the  G4/G 1  ratio  in  the  amygdala 
compared  to  the  hippocampus  (92;  260).  Thus,  future  studies  must  be  undertaken  to 
examine  whether  the  different  AChE  isoforms  in  the  brain  react  differently  to  AChE 
inhibition  by  nerve  agents.  By  understanding  the  molecular  differences  of  AChE  in  the 
BLA,  hippocampus,  and  piriform  cortex,  there  is  a  potential  for  more  effective  options  to 
lessen  the  deleterious  consequences  following  a  nerve  agent  exposure. 

Examining  the  recovery  of  AChE  activity  is  essential  for  the  development  of 
effective  therapeutics.  Within  3  months  of  exposure,  AChE  completely  recovered  in 
victims  of  the  Japan  terrorist  attacks  (189).  Our  data  demonstrate  that  the  recovery  of 
AChE  activity  in  rats  occurs  within  7-14  days  of  soman  exposure  in  brain  regions  critical 
to  seizure  generation  and  anxiety.  Our  data  are  in  line  with  previous  studies  finding  that 
the  recovery  of  AChE  activity  occurs  within  16  and  32  days  (55;  105;  126;  158;  184). 
However,  these  studies  had  methodological  differences  that  prevent  a  comparison 
between  our  data  and  the  data  from  these  studies.  Moreover,  no  study,  prior  to  ours, 
examined  whether  AChE  inhibition  was  necessary  for  SE  onset.  We  demonstrated  that 
not  only  was  inhibition  of  AChE  activity  in  the  BLA  necessary  for  seizure  generation,  but 
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it  was  also  the  first  structure  where  AChE  recovers  after  soman  induced  SE.  The  more 


rapid  recovery  of  AChE  activity  in  the  BLA  as  compared  to  the  other  brain  regions  may 
be  due  to  the  density  of  cholinergic  innervation.  Cholinergic  fibers  innervate  the  BLA 
from  the  nucleus  basalis  magnocellularis  more  densely  than  the  hippocampus  or  piriform 
cortex  (183).  The  dense  innervation  may  lead  to  exceptionally  high  concentrations  of 
AChE  and  a  more  efficient  recovery  of  AChE  (31;  230;  231)  by  promoting  an  increase  in 
de  novo  synthesis  of  AChE  (105).  Thus,  because  AChE  activity  recovers  completely  in 
all  brain  regions,  it  is  unlikely  that  the  cholinergic  systems  contribute  significantly  to 
spontaneously  recurrent  seizures  and  subsequent  neuropathology,  or  the  increases  in 
anxiety-like  behavior  observed  after  nerve  agent  exposure.  Rather,  it  may  be  that 
inhibitory  synaptic  transmission,  resulting  from  deficits  to  cholinergic  receptor 
modulation  of  GABAergic  inhibition,  or  increases  in  glutamatergic  excitability,  may  be 
responsible  for  BLA  hyperexcitability  and  the  long-lasting  increases  in  anxiety-like 
behavior. 

Acute  and  Delayed  Neuropathology  After  Nerve  Agent  Induced  Status 
Epilepticus 

Following  nerve  agent  induced  SE,  humans  and  animals  display  severe 
neuropathology.  Severely  affected  individuals  from  the  Japan  attack  showed  continued 
EEG,  ECG,  and  nerve  conduction  abnormalities  18  months  after  the  attack,  but  these 
abnormalities  disappeared  within  5  years  (296).  Six  to  10  years  after  the  attack,  however, 
victims  of  the  Japan  attack  had  significant  decreases  in  regional  gray  matter  volume  in 
the  right  insular,  right  temporal  cortex,  left  hippocampus,  anterior  cingulate  cortex,  and 
amygdala.  Regional  white  matter  volume  was  reduced  in  the  left  temporal  stem  and  white 
matter  integrity  was  disrupted  in  widespread  bilateral  brain  regions  including  the  parietal 
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lobe,  temporal  stem,  and  brainstem  (243;  295).  Crucially,  the  severity  of  damage 
correlated  with  the  loss  of  AChE  levels  at  the  time  of  the  incident  (295),  though  it  went 
unreported  whether  victims  developed  seizures  after  exposure. 

Within  24  hours  of  soman  induced  SE,  animals  display  significant  neuronal  loss 
and  ongoing  neurodegeneration  in  many  brain  regions,  including  the  amygdala  (90;  23 1 ). 
Neuropathology  was  observed  as  early  as  7  hours  after  exposure  in  the  amygdala  (107) 
and  MRI  imaging  revealed  pathology  within  12  hours  after  exposure  (35).  The  initial 
neuronal  loss  is  likely  due  to  the  convulsive  activity  as  no  neuropathology  or 
neurodegeneration  occurred  in  animals  that  did  not  develop  seizures  (49;  230).  However, 
delayed  neuropathology  has  been  observed  in  the  absence  of  convulsions  in  the 
amygdala,  hippocampus,  and  thalamus  of  monkeys  (117;  222),  suggesting  that  nerve 
agents  might  have  long-term  harmful  effects  on  brain  structures  and  function  (53;  127). 
In  our  hands,  however,  neuropathology  only  occurred  in  animals  that  had  seizures;  no 
additional  loss  of  neurons  was  observed  after  24  hours.  The  relative  stability  in  neuronal 
loss  after  24  hours  may  be  attributed  to  the  initiation  of  neuroregenerative  processes  (59; 
60),  including  the  proliferation  of  neural  progenitors  (58).  However,  it  is  not  until  30  and 
90  days  after  soman  exposure  before  there  is  a  significant  increase  in  the  total  number  of 
neurons  in  the  BLA  (60). 

An  important  finding  discussed  in  Chapter  3  was  that  24  hours  after  soman 
exposure,  there  was  not  a  significant  loss  of  GABAergic  intemeurons  in  the  BLA  (90; 

23 1);  the  loss  of  GABAergic  intemeurons  after  soman  exposure  was  delayed  (231). 
Chronically  degenerating  neurons  after  SE  has  been  observed  in  other  models  of  SE 
(285)  and  may  be  GABAergic  intemeurons,  as  one  study  observed  that  after  pilocarpine- 


129 


induced  SE,  ihe  majority  of  chronically  degenerating  neurons  exhibited  GAD- 
immunoreactivity  (285).  While  the  mechanisms  responsible  for  the  delayed  death  of 
intemeurons  are  not  completely  known,  one  hypothesis  may  be  that  the  delayed  loss  of 
GABAergic  intemeurons  is  due  to  an  upregulation  of  D-serine  (160),  a  D-amino  acid  that 
has  been  found  to  regulate  NMDA  signaling  by  selectively  binding  to  the  glycine  site  of 
NMDA  receptors  on  GABAergic  interneurons  in  the  amygdala  and  other  brain  regions. 
D-serine  acts  as  an  endogenous  co-agonist  for  NMDA  receptor  activation  (160;  191; 

291),  triggering  NMDA  receptor  over-activation  and  excitotoxic  damage  under  epileptic 
conditions  (160). 

The  delayed  loss  of  GABAergic  intemeurons  highlights  an  important  finding  14 
and  30  days  after  exposure:  a  decrease  in  the  ratio  of  intemeurons  to  the  total  neuronal 
count  (231).  The  ability  to  regulate  BLA  excitability  requires  a  balance  between 
excitation  and  inhibition.  Prior  to  a  nerve  agent  exposure,  approximately  15-20%  of  the 
BLA  is  comprised  of  GABAergic  intemeurons  (172;  245;  268).  However,  the 
approximately  46%  decrease  in  GABAergic  interneurons  7  days  after  exposure  to  soman 
disrupts  this  balance,  which  shifts  the  balance  towards  a  net  increase  in  excitability  and 
may  contribute  to  BLA  hyperactivity  and  subsequent  increases  in  anxiety-like  behavior. 
Thus,  if  similar  morphological  alterations  occurred  in  humans,  then  the  significant  loss  of 
neurons,  including  the  loss  of  GABAergic  intemeurons  in  the  BLA,  may  contribute  to  the 
volumetric  loss  in  the  amygdala  more  than  a  decade  after  the  Japan  attack  (243),  but  also 
to  BLA  hyperexcitability,  which  would  reinforce  and  sustain  anxiety-  and  PTSD-like 
symptoms  (209;  296). 
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Increased  Anxiety-like  Behavior  and  Pathophysiological  Alterations 
After  Exposure  to  a  Nerve  Agent 

Many  victims  of  the  Japan  terrorist  attacks  had  symptoms  of  PTSD  ranging  from 
nightmares  and  flashbacks  to  fear  of  riding  trains  (295).  Animals  exposed  to  soman  also 
display  anxiety-  and  fear-like  behaviors  after  soman  exposure,  although  these  behaviors 
manifest  as  avoidance  of  being  in  an  open  space  or  freezing  responses.  Eight  days 
following  soman  exposure,  animals  do  not  develop  a  fear  response  (i.e.,  freezing)  during 
an  auditory  fear-conditioning  paradigm  (187),  but  display  increased  startle  behavior 
(150).  However,  30  but  not  90  days  after  soman  exposure,  animals  froze  to  a  greater 
extent  in  auditory  fear  conditioning  paradigms  (61).  A  number  of  variables  may  account 
for  the  differences  in  freezing  responses,  including  the  species  tested,  time  of 
conditioning,  and  pattern  of  neurotoxicity  (187).  We  modeled,  at  the  cellular  level,  the 
recovery  of  fear  learning  processes,  as  animals  did  show  recovery  of  fear  learning  by  30 
days.  At  24  hours,  7  days,  and  14  days  after  exposure,  LTP  of  synaptic  plasticity  in  the 
BLA  was  significantly  impaired,  but  recovered  by  30  days  post  exposure  (231).  The 
recovery  of  synaptic  plasticity  over  time  may  be  related  to  synaptic  re-organization  (182; 
265),  though  this  was  not  tested  in  our  experiments. 

In  addition  to  fear  related  behaviors,  animals  also  show  increases  in  anxiety-like 
behavior.  We  demonstrated  that  within  14  days  of  exposure,  animals  display  increases  in 
the  time  spent  around  the  periphery  of  an  open  field  as  well  as  increased  startle  response, 
both  indicators  of  increased  anxiety.  Anxiety-like  behavior  was  sustained  up  to  90  days 
after  exposure  (61;  165).  The  results  of  our  studies  and  additional  animal  studies  (124; 
295;  296)  are  corroborated  with  the  clinical  manifestations  of  anxiety  disorders  observed 
after  a  nerve  agent  exposure,  but  the  mechanisms  underlying  the  development  of  anxiety 
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disorders  after  a  nerve  agent  exposure  were  unknown.  Hyperexcitability  of  the  BLA  is  a 
characteristic  feature  of  anxiety-like  behaviors  in  animals  (44;  67;  231;  246)  and  anxiety 
disorders  in  humans  (143;  240;  282).  Therefore,  it  is  likely  that  the  anxiety-like  behaviors 
observed  after  exposure  to  a  nerve  agent  may  be  due  to  pathophysiological  alterations  to 
the  BLA,  causing  amygdalar  hyperexcitability. 

We  observed,  indirectly,  reduced  inhibitory  synaptic  transmission  within  24  hours 
of  soman  exposure;  loss  of  GABAergic  inhibition  was  reflected  as  an  increase  in  the 
duration  of  the  field  potentials  evoked  in  the  BLA,  and  the  increased  paired  pulse  ratio 
(231).  To  test  whether  inhibitory  synaptic  transmission  was  reduced  directly,  we  recorded 
spontaneous  and  miniature  IPSCs.  We  found  that  there  was  a  significant  decrease  in 
inhibitory  synaptic  transmission  within  24  hours  of  soman  exposure.  The  loss  of 
inhibition  in  the  BLA  could  be  attributed  to  impaired  release  of  GABA  early  after  soman 
exposure  or  the  regional  loss  of  GABAergic  interneurons.  Importantly,  the  loss  of 
inhibition  reflected  presynaptic  rather  than  postsynaptic  mechanisms,  as  no  change  in 
mIPSC  amplitude  was  observed  after  soman  exposure.  Thus,  the  loss  of  inhibition  in  the 
BLA  likely  shifts  the  balance  of  inhibitory  control  to  hyperexcitability. 

The  loss  of  GABAergic  intemeurons  may  have  contributed  significantly  to 
deficits  in  inhibitory  synaptic  transmission;  however  mechanisms  that  modulate 
GABAergic  inhibition  may  have  also  been  damaged  after  SE.  The  cholinergic  system 
densely  innervates  the  BLA  and  activation  of  a7-nAChRs  enhance  inhibitory  synaptic 
transmission  (183;  193;  225).  After  soman  exposure,  a7-nAChR  mediated  enhancement 
of  inhibitory  but  not  excitatory  synaptic  transmission  was  reduced.  This  reduction  may  be 
due  to  differences  in  the  density  of  a7-nAChRs  expressed  on  principal  neurons  versus 
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intemeurons,  receptor  stoichiometry,  or  the  loss  of  cholinergic  innervation  (225). 

Damage  to  the  basal  forebrain  has  also  been  found  to  cause  significant  increases  in 
anxiety-like  behavior  and  failures  in  recovering  from  stressful  situations  (169);  reduced 
cholinergic  innervation,  as  occurs  in  Alzheimer’s  disease,  also  results  in  the  inactivation 
of  Oy-nAChRs  and  subsequently  enhances  anxiety  and  fear  behaviors  (80;  87).  Most 
likely,  however,  due  to  the  disproportionately  large  loss  of  GABAergic  intemeurons,  the 
cholinergic  control  of  GABAergic  intemeurons  in  the  BLA  is  reduced,  thereby  impairing 
Oy-nAChR  mediated  enhancement  of  inhibitory  synaptic  transmission. 

Conclusions  and  Future  Directions 

The  present  studies  describe  the  progression  of  biochemical,  pathological,  and 
pathophysiological  alteration  that  occur  from  seizure  generation  to  the  development  of 
anxiety-like  behavior  after  a  nerve  agent  exposure.  The  duration  of  the  study,  30  days  in 
rats,  corresponds  to  approximately  3  years  of  human  life  (250).  We  show  that  SE  onset 
occurs  when  AChE  is  significantly  inhibited  by  soman,  and  suggest  that  AChE  inhibition 
in  the  BLA  is  necessary  for  the  generation  of  seizures  after  nerve  agent  exposure. 
Inhibition  of  AChE  causes  an  accumulation  of  ACh  at  cholinergic  synapses  and 
hyperactivation  of  cholinergic  receptors,  initiating  seizures.  Cholinergic  receptor 
hyperstimulation  gives  way  to  glutamatergic  receptor  hyperactivation,  which  sustains  and 
reinforces  seizures,  leading  to  profound  neuropathology  (Figure  19A).  Although  slow, 
AChE  recovers  over  14  days  from  soman  exposure,  but  can  have  both  acute  and  long¬ 
term  consequences  on  cholinergic  modulation  of  neuronal  excitability  (23 1).  Primary'  cell 
death  occurs  within  the  first  24  hours  of  soman  exposure,  but  there  is  a  delayed  loss  of 
GABAergic  intemeurons;  neurons  do  continue  to  show  signs  of  death/degeneration  up  to 
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30  days  after  exposure,  however,  with  time  the  chronically  degenerating  neurons,  which 
appear  to  be  GABAergic  interneurons,  die.  The  loss  of  GABAergic  interneurons  in  the 
BLA  subsequently  leads  to  reduced  inhibition,  but  mechanisms  modulating  GABAergic 
inhibition  are  also  impaired  (Figure  19B).  The  loss  of  inhibition  leads  to  greater 
excitability  within  the  BLA,  increased  excitatory  synaptic  transmission,  and  the  long- 
lasting  increases  in  anxiety-like  behavior. 
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Figure  19  Summary  of  mechanisms  involved  with  the  onset  of  nerve  agent  induced 
seizures  and  pathophysiological  alterations  after  status  epilepticus.  (A) 
Excitation  within  the  BLA  is  tightly  regulated  by  GABAergic  inhibition  (blue 
neurons,  red  circles).  ACh  (green  circles)  released  from  cholinergic  fibers  in  the 
basal  forebrain  synapse,  in  part,  on  ct7-nAChRs.  While  activation  of  ay 
nAChRs  enhances  both  excitation  (1)  and  inhibition  (2),  a7-nAChR  mediated 
enhancement  of  GABAergic  inhibition  predominates  (see  Appendix  1).  Nerve 
agent  exposure  rapidly  and  irreversibly  inhibits  AChE,  leading  to  an 
accumulation  of  ACh  at  the  synapse  and  hyperstimulation  of  cholinergic 
receptors.  SE  onset  occurs  only  after  AChE  is  sufficiently  inhibited  in  the  BLA, 
leading  to  hyperstimulation  of  mAChR  and  nAChR,  and  subsequent  neuronal 
depolarization;  ct7-nAChRs  rapidly  desensitize  and  reduce  ct7-nAChR  mediated 
enhancement  of  inhibitory  synaptic  transmission.  SE  is  sustained  and  reinforced 
when  excessive  glutamate  (gold  circles)  is  released,  subsequently  causing 
hyperstimulation  of  glutamatergic  receptors  (e.g.,  AMP  A,  NMD  A,  kainate 
receptors).  (B)  Within  24  hours  of  SE  onset,  approximately  35%  of  neurons  die 
in  the  BLA  and  within  7  days  of  SE  46%  of  GABAergic  intemeurons  die.  a7- 
nAChR  mediated  enhancement  of  excitatory  transmission  remains  unchanged 
(1),  but  a7-nAChR  mediated  inhibitory  synaptic  transmission  is  reduced,  likely 
because  of  the  loss  of  GABAergic  intemeurons  and  not  because  of  alterations  to 
receptor  activation  (2).  Reduced  GABAergic  inhibition,  and  deficits  to 
mechanisms  that  modulate  GABAergic  inhibition,  subsequently  dysregulate  the 
tight  control  GABAergic  inhibition  has  over  excitation  in  the  BLA;  reduced 
GABAergic  inhibition,  leads  to  significant  increases  in  excitatory  synaptic 
transmission  and  subsequently  BLA  hyperexcitability,  which  may  manifest  as 
anxiety  disorders. 
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While  the  loss  of  GABAergic  inhibition  may  be  one  of  the  causes  of  BLA 
hyperexcitability  after  nerve  agent  exposure,  this  work  does  not  confirm  that  similar 
alterations  occur  in  other  brain  regions.  For  example,  we  have  previously  provided 
evidence  that  there  is  not  a  significant  loss  of  GABAergic  intemeurons  in  the  CA1 
hippocampal  regions  7  days  after  SE  (90).  In  addition,  unpublished  data  suggest  that  24 
hours  after  soman  induced  SE,  LTP  is  enhanced,  but  7  days  after  exposure,  we  were 
unable  to  induce  or  maintain  LTP  in  the  CA1  hippocampal  region;  LTP  recovers  to 
baseline  levels  within  14  days  of  exposure  to  soman.  While  the  direct  effects  of  soman 
exposure  on  GABAergic  inhibition  in  the  CA1  hippocampal  region  remain  unknown,  it 
may  be  that  rather  than  a  significant  loss  of  GABAergic  intemeurons,  nerve  agent 
induced  SE  may  lead  to  desensitization  and  internalization  of  GABA  a  receptors;  thus,  the 
effects  in  the  C  A 1  hippocampal  region  may  be  predominately  postsynaptic  rather  than 
presynaptic  as  observed  in  the  BLA.  Evidence  in  support  of  this  hypothesis  includes 
reductions  in  GABAa  receptor  mediated  synaptic  transmission  and  the  internalization  of 
GABA  a  receptors  during  seizure  activity  after  pilocarpine -induced  SE  in  the  CA1  (100; 
101;  201).  While  deficits  to  inhibitory  synaptic  transmission  may  be  due  to  the  death  of 
intemeurons  in  the  BLA,  in  the  CA1  hippocampal  region,  deficits  in  inhibitory  synaptic 
transmission  may  be  the  result  of  desensitization  and  internalization  of  GABAa 
receptors.  Future  studies  should  examine  how  deficits  in  inhibitory  synaptic  transmission 
differ  in  other  brain  regions  that  are  damaged  by  nerve  agents. 

Though  deficits  in  inhibitory  synaptic  transmission  are  a  major  theme  in  this 
dissertation,  long-lasting  increases  in  excitatory  synaptic  transmission  were  also  observed 
after  SE.  These  increases  were  likely  due  to  the  loss  of  inhibition  in  the  BLA,  but  may 
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also  reflect  increases  in  the  surface  expression  of  glutamatergic  receptors.  Increases  in 
excitatory  synaptic  transmission  were  observed  while  recording  field  potentials  from  the 
CA1  region  (unpublished  data)  and  may  be  due  to  the  accumulation  of  NMDA  receptors 
at  the  synapse  after  SE  (200).  Because  long-lasting  increases  in  excitatory  synaptic 
transmission  are  feasible  in  both  the  amygdala  and  hippocampus,  it  is  plausible  that 
increases  in  excitatory  synaptic  transmission  may  be  prominent  in  other  brain  regions  as 
well.  Moreover,  the  increased  excitability  may  make  victims  of  a  nerve  agent  attack  more 
susceptible  to  anxiety  and  other  neurological  disorders  (e.g.,  epilepsy).  Therefore,  it  is 
imperative  that  steps  are  to  be  taken  to  reduce  the  hyperexcitability.  These  steps  should 
bypass  the  inhibitory  system  as  the  mechanisms  regulating  inhibitory  synaptic 
transmission  may  be  damaged  in  region  specific  manners.  By  regulating  the  excitability 
of  the  brain,  pharmacotherapy  may  be  beneficial  in  reducing  anxiety-like  behavior  and 
prevent  the  development  of  neurological  impairments. 

In  summary,  this  dissertation  described  the  long  lasting  pathological  and 
pathophysiological  alterations  in  the  GABAergic  system  after  soman  induced  SE.  The 
loss  of  inhibition,  and  subsequent  increases  in  excitatory  synaptic  transmission,  are 
reflected  behaviorally  as  increases  in  anxiety-like  behavior  in  rodents  and  anxiety 
disorders  in  humans.  The  damage  to  the  inhibitory  system  also  reflects  why  treatments 
targeting  the  GABAergic  system  are  less  effective  in  mitigating  anxiety-like  behavior.  It 
may  be  too  late  to  deliver  medical  countermeasures  against  nerve  agent  intoxication  to 
civilians  in  Syria,  but  it  is  not  too  late  to  treat  the  survivors  for  the  long-term 
neuropsychiatric  impairments  that  are  likely  to  occur.  By  demonstrating  that  a  nerve 
agent  exposure  severely  disrupts  the  inhibitory  system,  we  conclude  that  it  is  essential 
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that  treatments  are  developed  to  target  and  subsequently  decrease  the  hyperexcitability 
observed  after  a  nerve  agent  exposure  in  an  effort  to  mitigate  the  lasting  neuropsychiatric 
impairments. 
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Abstract 


The  basolateral  amygdala  (BLA)  plays  a  key  role  in  fear-related  learning  and 
memory,  in  the  modulation  of  cognitive  functions,  and  in  the  overall  regulation  of 
emotional  behavior.  Pathophysiological  alterations  involving  hyperexcitability  in  this 
brain  region  underlie  anxiety  and  other  emotional  disorders,  as  well  as  some  forms  of 
epilepsy.  GABAergic  intemeurons  exert  a  tight  inhibitory  control  over  the  BLA  network; 
understanding  the  mechanisms  that  regulate  their  activity  is  necessary  for  understanding 
physiological  and  disordered  BLA  functions.  The  BLA  receives  dense  cholinergic  input 
from  the  basal  forebrain,  affecting  both  normal  functions  and  dysfunctions  of  the 
amygdala,  but  the  mechanisms  involved  in  the  cholinergic  regulation  of  inhibitory 
activity  in  the  BLA  are  unclear.  Using  whole-cell  recordings  in  rat  amygdala  slices,  here 
we  demonstrate  that  the  a7-containing  nicotinic  acetylcholine  receptors  (a7-nAChRs)  are 
present  on  somatic  or  somatodendritic  regions  of  BLA  intemeurons.  These  receptors  are 
active  in  the  basal  state  enhancing  GABAergic  inhibition,  and  their  further  -  exogenous  - 
activation  produces  a  transient  but  dramatic  increase  of  spontaneous  inhibitory 
postsynaptic  currents  (sIPSCs)  in  principal  BLA  neurons.  In  the  absence  of 
AMP  A/kainate  receptor  antagonists,  activation  of  (X7-nAChRs  in  the  BLA  network, 
increases  both  GABAergic  and  glutamatergic  spontaneous  currents  in  BLA  principal 
cells,  but  the  inhibitory  currents  are  enhanced  significantly  more  than  the  excitatory 
currents,  reducing  overall  excitability.  The  anxiolytic  effects  of  nicotine,  as  well  as  the 
role  of  the  a7-nAChRs  in  seizure  activity  involving  the  amygdala  and  in  mental  illnesses, 
such  as  schizophrenia  and  Alzheimer’s  disease,  may  be  better  understood  in  light  of  the 
present  findings. 
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Introduction 


The  amygdala  is  a  group  of  nuclei  in  the  temporal  lobe  that  receives  information 
from  all  sensory  modalities,  locally  processes  this  information  for  its  emotional 
significance,  and  plays  a  key  role  in  the  orchestration  of  the  behavioral  response  (226; 
245).  The  amygdala  is  particularly  responsive  to  fear-evoking  stimuli,  and  it  appears  to 
be  the  site  where  fear-related  memories  are  consolidated  and  stored  (97;  152;  153;  192; 
215).  Amygdalar  dysfunction  that  involves  hyperexcitability  and  hyperactivity  is  a  key 
feature  of  anxiety  disorders,  including  posttraumatic  stress  disorder  (67;  82;  240;  258). 
Furthermore,  the  amygdala  is  very  prone  to  seizure  generation,  and,  along  with  the 
hippocampus,  it  is  the  epileptic  focus  in  certain  types  of  epilepsy  (20;  99;  227). 

Therefore,  knowledge  of  the  mechanisms  that  regulate  the  excitability  of  the  amygdala 
can  have  significant  implications  in  understanding  the  pathophysiology  of  and  treatment 
for  anxiety  and  seizure  disorders. 

Neuronal  excitability  in  the  basolateral  nucleus  of  the  amygdala  (BLA)  is 
particularly  relevant  to  both  anxiety  (66;  67;  81;  82;  152)  and  seizure  generation  (20;  130; 
257).  GABAergic  inhibition  plays  a  primary  role  in  the  regulation  of  the  excitability  of 
neuronal  networks  (e.g.,  (149).  Although  GABAergic  intemeurons  in  the  BLA  make  up 
only  a  small  proportion  (about  20%)  of  the  total  neuronal  population  (172;  245;  268), 
they  tightly  regulate  principal  cell  excitability  (149;  268;  293).  A  number  of 
neuromodulatory  systems  participate  in  the  regulation  of  GABAergic  synaptic 
transmission  in  the  BLA  (22;  39;  40;  140;  208;  238).  The  cholinergic  system  is 
prominently  present  in  the  BLA  (31;  193;  229),  but  its  involvement  in  the  regulation  of 
GABAergic  synaptic  transmission  is  not  well  understood. 
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The  cholinergic  projections  to  the  BLA  arise  primarily  from  the  nucleus  basalis 
magnocellularis  (48;  79;  197;  294),  a  collection  of  neurons  in  the  substantia  innominata 
of  the  basal  forebrain.  Afferents  from  these  neurons  synapse  on  both  pyramidal  cells  and 
intemeurons  (47;  193;  206),  targeting  nicotinic  and/or  muscarinic  acetylcholine  receptors, 
which  are  abundantly  present  in  the  BLA  (1 19;  1 70;  193;  249;  270;  279;  298). 

Neuronal  nicotinic  acetylcholine  receptors  (nAChRs)  are  pentameric  and  are 
composed,  in  different  subunit  combinations,  of  a2-aio  and  62-64  subunits  (7;  63;  64; 
180).  The  homomeric  a 7  and  heteromeric  0462  are  the  two  major  subtypes  of  nAChRs 
found  in  the  mammalian  brain  (4;  103).  a7-nAChRs  play  an  important  role  in  the 
regulation  of  neuronal  excitability  in  different  brain  regions,  either  by  presynaptically 
modulating  neurotransmitter  release  (30;  70;  161;  235),  or  by  their  position  on 
somatodendritic  sites  of  intemeurons  and  pyramidal  cells,  where  they  directly  regulate 
neuronal  activity  (6;  9-11;  18;  132;  138;  141).  In  the  BLA,  ct7-nAChRs  are  present  on 
somatodendritic  regions  of  glutamatergic  neurons  (141),  and  they  are  also  involved  in 
presynaptically  facilitating  glutamate  release  (29;  128).  It  is  unclear  if  017-nAChRs  are 
also  present  on  somatodendritic  sites  of  BLA  intemeurons.  There  is  only  one  study  in  the 
literature  addressing  this  question,  where  it  is  reported  that  in  the  BLA  of  neonatal  (P7- 
10)  rats,  an  increase  in  the  frequency  of  spontaneous  inhibitory  postsynaptic  currents 
(sIPSCs)  by  application  of  acetylcholine  or  nicotine  was  not  reduced  by  the  specific  a  7 - 
nAChR  antagonists  alpha-bungarotoxin  (a-BgTx)  or  methyllylacaconitine,  suggesting 
that  ct7-nAChRs  do  not  play  an  important  role  in  the  regulation  of  GABAergic  activity  in 
the  BLA  (298).  The  focus  of  the  present  study  was  to  delineate  the  role  of  017-nAChRs  in 
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the  regulation  of  GABAergic  activity  in  the  BLA,  and  determine  the  net  effect  of  a?- 
nAChR  activation  on  the  excitability  of  the  BLA  network. 

Materials  and  Methods 
Animals 

Experiments  were  performed  using  25-40  day  old,  male,  Sprague-Dawley  rats 
(Taconic  Farms,  Derwood,  MD).  Animals  were  housed  in  an  environmentally  controlled 
room  (20-23°C,  44%  humidity,  12-h  light/12-h  dark  cycle  [350-400  lux],  lights  on  at  6:00 
am),  with  food  (Harlan  Teklad  Global  Diet  2018,  18%  protein  rodent  diet;  Harlan 
Laboratories;  Indianapolis,  IN)  and  water  available  ad  libitum.  Cages  were  cleaned 
weekly  and  had  no  physical  enrichment  within  the  cage  (232).  All  animal  experiments 
were  conducted  following  the  Guide  for  the  Care  and  Use  of  Laboratory  Animals 
(Institute  of  Laboratory  Animal  Resources,  National  Research  Council),  and  were 
approved  by  the  Institutional  Animal  Care  and  Use  Committee. 

Electrophysiological  Experiments. 

Animals  were  anesthetized  with  isoflurane  before  decapitation.  Coronal  brain 
slices  (400  pm-thick)  containing  the  amygdala  (-2.64  to  -3.36  from  bregma)  were  cut 
using  a  vibratome  (Leica  VT  1200  S;  Leica  Microsystems,  Buffalo  Grove,  IL),  in  ice- 
cold  cutting  solution  consisting  of  (in  mM):  115  sucrose,  70  NMDG,  1  KC1,  2  CaCl2,  4 
MgCl2.  1.25  NaH2P04,  30  NaHCC>3,  25  D-glucose.  The  slices  were  transferred  to  a 
holding  chamber,  at  room  temperature,  in  a  bath  solution  containing  (in  mM):  125  NaCl, 
2.5  KC1,  1.25  NaH2P04,  21  NaHC03,  2  CaCl2,  1  MgCl2,  and  1 1  D-glucose.  Recording 
solution  was  the  same  as  the  holding  bath  solution.  For  field  potential  recordings  the 
bath/recording  solution  was  same  as  above,  except  for  the  concentration  of  MgCl2  (1.5 
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mM)  and  KC1  (3  mM).  All  solutions  were  saturated  with  95%  O2  /  5%  CO2  to  achieve  a 
pH  near  7.4.  For  w'hole-cell  recordings,  the  slice  chamber  (0.7  mL  capacity)  had 
continuously  flowing  ACSF  (~8  mL/min)  at  temperature  32~33°C.  The  osmolarity  of  this 
external  solution  was  adjusted  to  325  mOsm  with  D-glucose.  Field  potential  recordings 
were  obtained  in  an  interface-type  chamber,  maintained  at  32~33°C,  with  a  flow  rate  of 
the  ACSF  at  1 .5  ml/min. 

For  whole-cell  recordings,  neurons  were  visualized  under  infrared  light  using 
Nomarski  optics  of  an  upright  microscope  (Zeiss  Axioskop  2,  Thronwood,  NY)  through  a 
40x  water  immersion  objective,  equipped  with  a  CCD-100  camera  (Dage-MTI,  Michigan 
City,  IN(90).  The  patch  electrodes  had  resistances  of  3.5— 4.5  MQ  when  filled  with  the 
internal  solution  (in  mM):  60  CsCH3S03,  60  KCH3S03,  10  KC1,  10  EGTA,  10  HEPES, 

5  Mg- ATP,  0.3  Na3GTP  (pH  7.2),  290  mOsm.  When  sIPSCs  and  sEPSCs  were  recorded 
simultaneously,  the  internal  chloride  concentration  was  1  mM,  and  osmolarity  was 
adjusted  with  potassium  gluconate.  We  use  KC1  bridge  electrode  holders  (ALA  Scientific 
Instruments  Inc.,  Farmingdale,  NY),  which  provide  stable  offset  potentials,  and  make  the 
concentration  of  Cf  in  the  pipette  solution  irrelevant  (the  Ag+/AgCl  wires  are  in  constant 
contact  with  2M  KC1).  Tight-seal  (over  1  GQ)  whole-cell  recordings  were  obtained  from 
the  cell  body  of  pyramidal-shaped  neurons  in  the  BLA  region  and  from  the  cell  body  of 
intemeurons,  which  were  identified  on  the  basis  of  their  electrophysiological  properties 
(218;  245).  Access  resistance  (5—24  MQ)  was  regularly  monitored  during  recordings,  and 
cells  were  rejected  if  the  resistance  changed  by  more  than  15%  during  the  experiment. 
Agonists  of  aynAChRs  were  applied  either  to  the  bath  or  by  pressure  injection.  Pressure 
application  was  performed  with  the  help  of  a  push-pull  experimental  arrangement  (224), 
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as  utilized  previously  (89;  290).  A  motorizer  (Newport,  Fountain  Valley,  CA)  was 
coupled  with  the  approach/withdrawal  (push-pull)  actuator  of  a  micromanipulator 
(Burleigh  PCS-5000  series;  EXFO  Photonic  Solution  Inc.,  Mississauga,  Ontario, 

Canada).  Motorizer  movement  and  duration  of  application  pulses  were  controlled  with  a 
Master-8  digital  stimulator  (AMPI;  Jerusalem,  Israel).  The  pipette  was  placed 
approximately  50  pm  away  from  the  soma  of  the  recorded  neuron,  and  pressure  was 
applied  for  70  to  100  ms,  via  a  Picospritzer  (General  Valve  Division,  Parker  Hannifin 
Corp.,  Fairfield,  NJ),  set  between  14  and  30  psi.  Ionic  currents  and  action  potentials  were 
amplified  and  filtered  (1  kHz)  using  the  Axopatch  200B  amplifier  (Axon  Instruments, 
Foster  City,  CA)  with  a  four-pole,  low-pass  Bessel  filter,  were  digitally  sampled  (up  to  2 
kHz)  using  the  pClamp  10.2  software  (Molecular  Devices,  Sunnyvale,  CA),  and  further 
analyzed  using  the  Mini  Analysis  program  (Synaptosoft  Inc.,  Fort  Lee,  NJ)  and  Origin 
(OriginLab  Corporation,  Northampton,  MA).  In  some  experiments,  the  charge  transferred 
by  postsynaptic  currents  was  calculated,  using  the  Mini60  software  by  Synaptosoft 
(Synaptosoft  Inc.,  Fort  Lee,  NJ). 

Field  potentials  were  evoked  by  stimulation  of  the  external  capsule,  at  0.05  Hz. 
Recording  glass  pipettes  were  filled  with  ACSF,  and  had  a  resistance  of  approximately  5 
MQ.  Stimulation  was  applied  with  a  bipolar  concentric  stimulating  electrode  made  of 
tungsten  (World  Precision  Instruments,  Sarasota,  FL).  Signals  were  digitized  using  the 
pClamp  10.2  software  (Molecular  Devices,  Union  City,  CA),  analyzed  using  Clampfit 
10.2,  and  final  presentation  was  prepared  using  Origin  (OriginLab  Corporation, 
Northampton,  MA)  or  Graphpad  Prism  (GraphPad  Software,  La  Jolla,  CA). 
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Drugs  used  were  as  follows:  bicuculline  methiodide,  a  GABAa  receptor 
antagonist,  atropine  sulphate,  a  muscarinic  AChR  antagonist,  dihydro-B-erythoidine 
(DHBE),  an  (X4B2  nicotinic  receptor  antagonist,  choline  chloride  and  tricholine  citrate,  a-] 
agonists,  a-bungarotoxin  (a-BgTx),  an  a?  antagonist,  CNQX,  an  AMPA/kainate  receptor 
antagonist  (all  purchased  from  Sigma- Aldrich,  St.  Louis;  MO).  We  also  used  D-AP5,  an 
NMDA  receptor  antagonist,  SCH5091 1,  a  GABAb  receptor  antagonist,  a-conotoxin 
AulB,  an  (X3B4  nicotinic  receptor  antagonist,  LY  341495,  a  metabotropic  glutamate 
group  II/III  receptor  antagonist  (all  purchased  from  Tocris,  Ellisville,  MO). 

Statistical  Analysis. 

Electrophysiological  studies  were  analyzed  using  the  Paired-Student’s  t-tests. 
Results  were  considered  statistically  significant  when  P  <  0.05.  Data  are  presented  as 
Mean  ±  standard  error  (SE)  of  the  mean.  Sample  size  refers  to  the  number  of  neurons 
for  the  whole-cell  experiments,  and  the  number  of  slices  for  the  field  potential  recordings. 

Results 

Functional  a7-nAChRs  are  present  on  BLA  interneurons 

Whole-cell  recordings  were  obtained  from  presumed  intemeurons  in  the  BLA, 
which  were  identified  on  the  basis  of  their  small  size  compared  to  pyramidal/principal 
cells,  their  firing  pattern  in  response  to  depolarizing  current  pulses  in  the  current  clamp 
mode,  and  the  absence  of  a  current  activated  by  hyperpolarizing  voltage-steps,  in  the 
voltage-clamp  mode.  Depolarizing  current  injections  generated  a  high-frequency  series  of 
fast,  non-accommodating  action  potentials  (Figure  20B,  right  panel),  which  is  typical  of  a 
significant  subpopulation  of  BLA  intemeurons  (21 ;  245;  272).  Voltage-clamp  recordings 
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demonstrated  linear  change  in  leakage  current  and  the  absence  of  h  (Figure  20B,  right 
panel ),  which  is  a  cationic  current  activated  by  hyperpolarizing  voltage  steps,  that  is 
commonly  present  in  principal  neurons  of  the  BLA  (21;  218;  292). 

To  determine  if  017-nAChRs  are  present  on  BLA  intemeurons,  we  pressure- 
applied  tricholine  citrate  (5  mM,  n  =  7),  or  choline  chloride  (10  mM,  n  =  13),  while 
recording  from  intemeurons  in  the  presence  of  a-conotoxin  AulB  (1  pM),  DHfiE  (10 
pM),  atropine  sulfate  (0.5  pM),  D-AP5  (50pM),  CNQX  (20  pM),  SCH5091 1  (10  pM), 
LY  3414953  (3  pM),  and  bicuculline  (20pM).  The  concentrations  of  the  ct7-nAChR 
agonists  that  we  used  have  been  shown  in  the  hippocampus  (12)  or  neocortical  layer  I 
intemeurons  (54)  to  selectively  activate  a.7-nAChRs;  furthermore,  the  presence  of  the 
014B2  and  the  013B4  nicotinic  receptor  antagonists  in  the  slice  medium  can  increase 
confidence  that  tricholine  citrate  and  choline  chloride  selectively  activated  a.7-nAChRs. 
Out  of  20  cells,  12  responded  to  the  “puff-application”  of  the  017-nAChR  agonist  with  a 
fast-inactivating  inward  current  of  an  amplitude  83.1  ±  8.4  pA  (Figure  20  A,  left  trace). 
The  remaining  8  cells,  responded  with  a  slow  current  of  an  amplitude  236  ±  52.1  pA 
(Figure  20A,  right  trace).  The  fast  or  slow  kinetics  of  the  evoked  currents  had  no  relation 
to  whether  tricholine  citrate  or  choline  chloride  was  applied.  In  the  current-clamp  mode, 
puff-application  of  the  a7-nAChR  agonist  elicited  a  brief  train  of  action  potentials 
(Figure  IB,  left  panel,  upper  trace).  The  fast-inactivating  currents  were  blocked  equally 
effectively  by  either  250  nM  (n  =  4,  Figure  20C,  upper  trace)  or  1  pM  (n  =  5,  Figure  19C, 
lower  trace)  a-BgTx,  within  2  to  4  min  of  bath  application  of  the  toxin;  the  mean 
reduction  was  94.5  ±  2.0%  (n  =  9).  The  slow  currents  were  only  partially  reduced  by  250 
nM,  500  nM,  or  1  pM  of  a-BgTx.  The  blockade  (36.5  ±  4.8%,  n  =  6)  was  slow  (required 
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at  least  8  min  of  perfusion),  and  appeared  to  be  more  effective  at  the  high  concentration 
of  the  toxin  (1  pM,  Figure  20D). 
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Figure  20  a7-nAChRs  are  present  on  BLA  intemeurons.  Recordings  were  obtained  from 
electrophysiologically  identified  intemeurons  in  the  BLA,  in  the  presence  of  a- 
conotoxin  AulB  (1  pM),  DHBE  (10 pM),  atropine  sulfate  (0.5 pM),  D-AP5 
(50pM),  CNQX  (20  p M),  SCH50911  (10 pM),  LY  3414953  (3  pM),  and 
bicuculline  (20/4 M).  A:  Examples  of  fast  and  slow  currents  evoked  by  pressure- 
application  of  10  mM  choline  chloride  (arrowhead;  100  ms;  30  psi;  Vh  =  -70 
mV ;  [Cl  =  10  mM).  The  insets  show  the  absence  of  the  current  activated  by 
hyperpolarization  (Ih).  B:  In  the  current-clamp  mode,  pressure  application  of  5 
mM  tricholine  citrate  (arrowhead)  induced  brief  spiking  ( upper  left  panel;  the 
membrane  potential  was  held  at  -60  mV  by  passing  low-amplitude  depolarizing 
current).  The  lower  left  panel  shows  the  inward  current  evoked  in  the  same  cell 
by  tricholine  citrate  (5  mM;  arrowhead)  in  the  voltage-clamp  mode  (holding 
potential  (Vh),  -70  mV).  The  right  panel  shows  the  fast,  non-accommodating 
spiking  of  the  same  neuron,  in  response  to  depolarizing  current  injections,  and 
the  absence  of  a  “sag”  in  response  to  hyperpolarizing  current  injections  ( upper 
panel),  as  well  as  the  linear  changes  in  leakage  current  (absence  of  IJ  during  1 
s-long,  10  mV  hyperpolarizing  steps,  starting  from  the  holding  potential  of  -70 
mV  ( lower  panel).  C :  The  fast  current  activated  by  sequential  (40  s  interval) 
pressure-application  of  10  mM  choline  chloride  (arrowheads;  same  settings  as 
in  “A”)  was  blocked  by  bath  application  of  either  250  nM  a-BgTx  ( upper 
trace),  or  1  pM  a-BgTx  ( lower  trace).  Upper  and  lower  traces  are  from  two 
different  neurons.  Grey  bars  over  the  recordings  mark  the  duration  of  bath- 
application  of  a-BgTx.  D:  Example  of  the  low  sensitivity  of  choline-evoked, 
slow  currents  to  a-BgTx.  Arrowheads  show  the  time  point  of  pressure 
application  of  10  mM  choline  chloride.  a-BgTx  was  bath  applied,  initially  at  the 
concentration  of  500  nM,  followed  by  1  pM  (duration  of  application,  8  min  at 
each  concentration;  flow  rate,  8  ml/min). 


Glutamatergic  excitation  of  interneurons  following  a7-nAChR  activation. 

The  experiments  described  above  indicate  that  o^-nAChRs  are  present  on  somatic 
or  somatodendritic  regions  of  BLA  intemeurons,  and  their  activation  depolarizes  these 
cells.  Since  o^-nAChRs  are  also  present  on  principal  BLA  neurons  ( 141),  as  well  as  on 
glutamatergic  terminals  (29;  128),  we  investigated  whether  Oj-nAChR  activation  in  the 
BLA  network,  in  addition  to  depolarizing  intemeurons  directly,  also  depolarizes 
intemeurons  by  increasing  glutamatergic  activity.  Therefore,  we  conducted  similar 
experiments  as  those  shown  in  Figure  20,  except  that  CNQX  was  not  included  in  the  slice 
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medium.  Under  these  conditions,  pressure-application  of  5  mM  tricholine  citrate  induced 
long-lasting,  high-frequency  firing  in  the  current-clamp  mode,  and  a  transient  inward 
current  accompanied  by  spontaneous  excitatory  postsynaptic  currents  (sEPSCs),  in  the 
voltage-clamp  mode  (n  =  7,  Figure  21  A).  Similarly,  when  choline  chloride  (2.5  mM)  was 
applied  to  the  bath,  it  also  induced  repetitive,  high-frequency  firing  of  BLA  intemeurons 
(n  =  4,  Figure  2 IB).  Thus,  a7-nAChR  activation  in  the  BLA  increases  the  activity  of 
intemeurons  not  only  via  direct  depolarization,  but  also  indirectly  due  to  an  enhancement 
of  glutamatergic  activity. 
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Figure  21  Indirect  excitation  of  intemeurons  by  activation  of  017-nAChRs.  Recordings  are 
from  electrophysiologically  identified  intemeurons,  in  the  presence  of  a- 
conotoxin  AulB  (1  pM),  DHJ3E  (10  pM),  atropine  sulfate  (0.5  pM),  D-AP5 
(50pM),  SCH5091 1  (10  pM),  LY  3414953  (3  pM),  and  bicuculline  (20pM).  A: 
Pressure  application  of  tricholine  citrate  (5  mM;  arrowhead)  induced  high 
frequency  firing  in  the  current-clamp  mode  (1 upper  left  panel)  and  a  transient 
inward  current  along  with  high-frequency  sEPSCs  in  the  voltage-clamp  mode 
( lower  left  panel;  Vh,  -70  mV).  The  electrophysiological  characteristics  of  this 
neuron  are  shown  on  the  right  panel.  Responses  to  depolarizing  or 
hyperpolarizing  current  injections  ( upper  right  panel)  and  hype  rpolari  zing 
voltage  steps  ( lower  right  panel)  are  consistent  with  the  properties  of 
intemeurons.  B:  In  current-clamp  mode,  bath  application  of  choline  chloride 
(2.5  mM)  induced  high-frequency  spiking. 


152 


Activation  of  017-nAChRs  enhances  spontaneous  GABAa  receptor-mediated 
inhibitory  postsynaptic  currents  (sIPSCs) 

The  neurons  we  recorded  from  in  the  experiments  described  above  were 
presumed  to  be  GABAergic  intemeurons.  Therefore,  the  data  presented  would  predict 
that  activation  of  017-nAChRs  will  enhance  GABAergic  inhibition  in  the  BLA.  To 
determine  if  a7-nAChR  activation  increases  GABAa  receptor-mediated  sIPSCs,  we  bath 
applied  choline  chloride  while  recording  from  principal  neurons  (n  =  12),  in  the  presence 
of  a-conotoxin  AulB  (1  pM),  DHflE  (10  pM),  atropine  sulfate  (0.5  pM),  D-AP5 
(50pM),  CNQX  (20  pM),  SCH5091 1  (10  pM),  and  LY  3414953  (3  pM).  Neurons  were 
identified  as  principal  cells  based  on  their  size  and  pyramidal-like  shape,  as  well  as  on 
their  firing  patterns  in  response  to  depolarizing  current  pulses,  and  the  presence  of  Ih  (21; 
218;  245).  Choline  chloride  (5  raM)  was  bath-applied  at  a  flow  rate  of  8  ml/min.  The 
effect  was  immediate  and  consisted  of  the  appearance  of  a  barrage  of  sIPSCs  (Figure  22). 
The  frequency  of  sIPSCs  was  increased  by  choline  from  22  ±  1  Hz  to  50  ±  3  Hz  (n  =  12; 
P  <  0.001);  the  measurements  of  the  sIPSC  frequency  in  the  presence  of  choline  were 
made  for  a  20  s  time  window  within  a  time  period  of  30  s  after  the  initiation  of  the  effect. 
The  effect  subsided  within  40  s  to  2  min,  despite  the  continual  presence  of  choline, 
suggesting  desensitization  of  the  receptors.  Reapplication  of  choline  after  only  partial 
wash  out  of  the  initially-applied  choline,  had  virtually  no  effect,  probably  due  to  the 
lasting  desensitization  of  the  receptors  while  the  exogenous  choline  was  still  present. 
However,  after  washing  out  choline  for  at  least  8  min,  reapplication  of  choline  could 
evoke  a  similar  effect,  suggesting  that  desensitization  was  not  lasting  after  removal  of  the 
5  mM  exogenous  agonist.  Higher  concentrations  of  choline  (we  tried  10  mM  and  20  mM) 
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produced  a  similar  increase  in  sIPSC  amplitude  and  frequency,  but  longer  wash-out  times 
were  required  in  order  to  be  able  to  reproduce  the  effect  upon  reapplication  of  choline. 

In  some  experiments,  we  washed  out  choline  for  8  min,  and  then  applied  a-BgTx 
(1  pM)  for  another  4  min.  Subsequent  application  of  5  mM  choline  chloride  (in  the 
presence  of  a-BgTx)  increased  the  frequency  of  sIPSCs  from  18  ±  3  Hz  to  37  ±  4  Hz  (n  = 
9;  P  <  0.01,  Figure  22D).  Thus,  even  in  the  presence  of  a-BgTx,  choline  increased 
sIPSCs  significantly,  probably  because  of  the  activation  of  intemeurons  that  respond  to 
choline  by  generating  a  slow  current  with  low  sensitivity  to  a-BgTx  (Figure  20D). 
However,  the  increase  in  the  frequency  of  sIPSCs  in  the  presence  of  a-BgTx  was 
significantly  smaller  than  the  increase  in  the  absence  of  the  a7-nAChR  antagonist  (P  < 
0.001,  Figure  22D),  probably  reflecting  the  blockade  of  the  a-BgTx-sensitive  clt 
nAChRs  on  intemeurons  that  generate  fast-inactivating  currents  in  response  to  choline 
(Figure  20C). 
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Figure  22  Activation  of  a7-nAChRs  enhances  spontaneous  GABAa  receptor-mediated 

IPSCs.  Recordings  are  from  BLA  principal  cells,  in  the  presence  of  a-conotoxin 
AulB  (1  pM),  DHBE  (10  pM),  atropine  sulfate  (0.5  pM),  D-AP5  (50pM), 
CNQX  (20  pM),  SCH5091 1  (10  pM),  and  LY  3414953  (3  pM),  at  V„  +30  mV 
and  internal  chloride  10  mM.  A:  Bath  application  of  choline  chloride  (5  mM) 
induced  a  transient  outward  cationic  current  and  increased  the  frequency  and 
amplitude  of  sIPSCs.  The  sIPSCs  were  blocked  by  20  pM  bicuculline, 
indicating  that  they  were  mediated  by  GABAa  receptors.  B:  Amplitude- 
frequency  histogram  of  the  effect  of  choline  on  sIPSCs  (n  =  12,  **+P  <  0.001). 
C:  Group  data  (mean  ±  SE)  of  the  change  in  the  frequency  of  sIPSCs  by  bath 
application  of  choline  chloride  (n  =  12,  ***P  <  0.001).  D:  Pretreatment  of  the 
slices  with  a-BgTx  reduced  significantly  the  effects  of  choline.  Traces  show  an 
example  of  the  response  of  a  principal  neuron  to  bath  application  of  choline 
chloride  (5  mM),  and  the  response  of  the  same  neuron  when  choline  chloride 
was  applied  in  the  presence  of  a-BgTx  (1  pM).  The  group  data  are  shown  in 
the  bar  graphs  below  ( ***P  <  0.001,  **P  <  0.01,  n  =  9). 
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The  net  effect  of  a7-nAChR  activation  in  the  BLA 

Since  activation  of  a7-nAChRs  in  the  BLA  can  increase  both  glutamatergic  and 

GABAergic  activity,  an  important  question  that  arises  is  whether  the  overall,  net  effect  of 
a7-nAChR  activation  is  enhancement  or  suppression  of  excitatory  activity  in  the  BLA. 

To  answer  this  question  we  recorded  both  sIPSCs  and  sEPSCs,  simultaneously,  from 
principal  neurons  in  the  presence  of  a-conotoxin  AulB  (1  pM),  DH1JE  (10  pM),  atropine 
sulfate  (0.5  pM),  D-AP5  (50pM),  SCH5091 1  (10  pM),  and  LY  3414953  (3  pM),  at  a 
holding  potential  of  -58  mV  and  internal  chloride  concentration  of  1  mM.  Bath 
application  of  choline  chloride  (5  mM)  increased  both  sIPSCs  and  sEPSCs  (Figure  23). 
Out  of  9  cells,  in  3  cells  there  was  only  a  small  increase  in  sEPSCs  while  sIPSCs  were 
dramatically  increased  (as  in  the  example  shown  in  Figure  23  A),  in  5  cells  both  sEPSCs 
and  sIPSCs  were  increased  but  the  increase  in  sIPSCs  was  clearly  more  prominent  (as  in 
the  example  shown  in  Figure  23B),  while  1  cell  showed  dramatic  increase  in  both  sIPSCs 
and  sEPSCs.  To  quantify  these  effects  we  calculated  the  total  charge  transferred.  The 
charge,  in  pico  Coulombs,  was  calculated  as  the  area  delimited  by  the  inhibitory  or 
excitatory  current  and  the  baseline.  Current  areas  were  analyzed  for  a  time  period  of  5s. 
On  the  average,  the  charge  transferred  by  sIPSCs  was  increased  from  1 .3  ±  0.3  pC  in 
control  medium  to  97  ±  24  pC  in  the  presence  of  choline  (n  =  9;  P  <  0.01 ;  Figure  23C, 
left  graph),  while  the  charge  transferred  by  sEPSCs  was  increased  from  1.5  ±  0.3  pC  to 
20  ±  4  pC  (n  =  9;  P  <  0.01 ;  Figure  23C,  right  graph),  during  the  initial  phase  of  bath 
application  of  choline  chloride  (during  a  5  sec  period  after  the  initiation  of  the  effect). 

The  charge  transferred  by  sIPSCs  was  significantly  larger  than  the  charge  transferred  by 
sEPSCs  (n  =  9,  P  <  0.01),  suggesting  that  the  net  effect  of  a7-nAChR  activation  is 
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inhibitory.  As  in  the  case  where  only  sIPSCs  were  recorded  (Figure  22),  the  effects  of 
choline  subsided  in  less  than  2  min,  despite  the  continual  presence  of  the  agonist.  Lower 
concentrations  of  bath-applied  choline  chloride  (1  mM,  n  =  2,  and  0.5  mM,  n  =  3)  had 
qualitatively  similar  effects  (Figure  22D). 
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Figure  23  Effects  of  a7-nAChR  activation  on  simultaneously  recorded  sIPSCs  and 

sEPSCs.  Recordings  were  obtained  from  principal  neurons  in  the  presence  of  a- 
conotoxin  AulB  (1  pM),  DHJ3E  (10  pM),  atropine  sulfate  (0.5  pM),  D-AP5 
(50pM),  SCH5091 1  (10  pM),  and  LY  3414953  (3  pM),  at  a  holding  potential  of 
-58  mV  and  internal  chloride  concentration  of  1  mM.  A:  Bath  application  of 
choline  chloride  (5  mM)  induced  a  transient  increase  in  the  frequency  and 
amplitude  of  both  sIPSCs  (outward  currents)  and  sEPSCs  (inward  currents),  but 
the  increase  in  sIPSCs  was  more  pronounced.  B:  Another  example  of  the  effects 
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of  choline  chloride  (5  mM)  on  sIPSCs  and  sEPSCs.  The  increase  in  sEPSCs  is 
more  apparent  in  this  cell  compared  to  the  cell  in  A.  C:  Group  data  (mean  ±  SE) 
showing  the  effects  of  5  mM  choline  chloride  on  sIPSCs  (left)  and  sEPSCs 
(right).  Application  of  choline  significantly  increased  the  mean  charge 
transferred  by  sIPSCs  and  sEPSCs  (n  =  9,  **P  <  0.01),  measured  during  the  5 
sec  period  after  the  initiation  of  the  effect.  During  this  5  sec  period,  the  charge 
transferred  by  sIPSCs  was  significantly  larger  than  the  charge  transferred  by 
sEPSCs  (n  =  9,  **P  <  0.01).  D:  Lower  concentrations  of  choline  produced  a 
similar  effect;  an  example  is  shown  where  500  pM  choline  chloride  was  bath 
applied. 


Since  a7-nAChR  activation  enhances  spontaneous  GABAergic  activity  to  a 
greater  extent  than  glutamatergic  activity,  this  effect  should  be  reflected  in  the  population 
responses.  An  enhanced  “tonic”  inhibition  (sIPSCs)  in  the  BLA  network  can  be  expected 
to  reduce  overall  excitability.  Field  potentials  in  the  BLA  are  reduced  in  amplitude  by  the 
GABAa  agonist  muscimol  and  are  enhanced  by  bicuculline  (unpublished  observations), 
which  implies  significant  presence  of  synchronized  spiking  activity  (somatic  and/or 
dendritic)  in  the  generation  of  the  field  responses.  Since  choline  enhances  GABAergic 
inhibition,  the  amplitude  of  evoked  population  responses  should  be  reduced  in  the 
presence  of  choline.  To  test  this  prediction  we  bath-applied  choline  chloride  while 
recording  field  potentials  in  the  BLA,  evoked  by  stimulation  of  the  external  capsule.  In 
these  experiments,  slices  were  placed  in  an  interface  chamber,  which  has  a  much  slower 
flow  rate  than  in  the  whole-cell  recording  experiments;  the  gradual  exposure  of  the  slice 
to  low  -  and  slowly  rising  -  concentrations  of  choline  chloride  could  desensitize  the 
receptors,  rendering  the  effect  undetectable.  Therefore,  we  used  a  high  concentration  of 
choline  chloride  (20  mM)  in  order  to  detect  the  effect.  Choline  chloride  reversibly 
decreased  the  amplitude  of  the  field  response  from  0.49  ±  0.02  to  0.34  ±  0.02  mV  (n  =  8; 
P  <  0.001;  Figure  24).  In  percentages,  choline  reduced  the  evoked  field  potential  to  71.87 
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±  4.1 1%  of  the  control  amplitude  (P  <  0.001;  Figure  24C).  These  results  are  consistent 
with  the  view  that  activation  of  <X7-nAChRs  reduces  the  excitability  of  the  BLA  network. 

A 


Control  Choline  Wash 


Figure  24  Activation  of  a7-nAChRs  reduces  evoked  field  potentials  in  the  BLA.  A:  An 
example  of  field  potentials  evoked  in  the  BLA  by  stimulation  of  the  external 
capsule,  before,  during,  and  after  wash  out  of  choline  chloride  (20  mM).  Each 
trace  is  an  average  of  10  sweeps.  B:  Same  field  potentials  as  in  A,  in  control 
medium  and  in  the  presence  of  choline,  superimposed  for  a  clearer  view  of  the 
effect  of  choline.  C;  Group  data  from  8  slices  showing  the  amplitude  of  the  field 
responses  as  percentages  of  the  control  responses  before,  during,  and  after  bath 
application  of  choline  (n  =  8;  ***P  <  0.001). 


a7-nAChRs  are  active  in  the  basal  state  contributing  to  background  inhibition 

Considering  that  a7-nAChRs  have  low  affinity  for  their  endogenous  agonists, 
acetylcholine  and  choline,  and  desensitize  rapidly  (4),  it  is  important  to  ask  if  these 
receptors  can  be  activated  by  ambient  concentrations  of  acetylcholine  or  choline,  thereby 
contributing  to  the  background  levels  of  inhibitory  and/or  excitatory  activity.  To  answer 
this  question,  first  we  examined  the  effects  of  bath-applied  a-BgTx  (lpM)  on  sIPSCs 
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recorded  from  principal  BLA  neurons.  The  frequency  of  sIPSCs  was  reduced  by  bath 
application  of  a-BgTx,  from  43  ±  9  Hz  in  control  medium  to  22  ±  8  Hz  in  a-BgTx  (n  = 
4;  P  <  0.01 ;  Figure  25A,  B).  Next,  we  tested  the  effects  of  a-BgTx  on  simultaneously 
recorded  sIPSCs  and  sEPSCs,  from  principal  neurons.  a-BgTx  (lpM)  significantly 
decreased  the  frequency  of  sIPSCs  from  24  ±  3  Hz  to  12  ±  3  Hz  (n=4;  P  =  0.0316),  while 
the  frequency  of  sEPSCs  was  reduced  from  22  ±  4  Hz  in  control  medium  to  1 5  ±  3  Hz  in 
the  presence  of  a-BgTx  (n  =  4;  P  =  0.141).  These  results  suggest  that  basal  activation  of 
a7-nAChRs  on  intemeurons  (whether  it  is  the  postsynaptic  a7-nAChRs  demonstrated  in 
the  present  study  or/and  presynaptic  a7-nAChRs  on  GABAergic  terminals)  contributes 
significantly  to  spontaneous  inhibitory  activity. 
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Figure  25  Blockade  of  <X7-nAChRs  in  the  basal  state  decreases  the  frequency  of  siPSCs. 

A:  An  example  from  a  principal  cell  displaying  high  inhibitory  synaptic  activity 
in  control  medium,  and  the  effect  of  a-BgTx  (1  pM)  on  siPSCs  (Vh  =  +30  mV); 
the  reduction  of  the  siPSCs  by  a-BgTx  was  irreversible.  The  slice  medium 
contains  a-conotoxin  AulB  (1  pM),  DH13E  (10  pM),  atropine  sulfate  (0.5  pM), 
CNQX  (20  pM),  D-AP5  (50pM),  SCH5091 1  (10  pM),  and  LY  3414953  (3 
pM).  B:  Group  data  showing  the  effect  of  a-BgTx  on  the  frequency  of  siPSCs 
(n  =  4,  **P  <  0.01).  C:  An  example  from  another  principal  cell  where  siPSCs 
and  sEPSCs  were  recorded  simultaneously  (Vh  =  -58  mV,  internal  chloride 
concentration  is  1  mM).  The  reduction  of  the  siPSCs  by  a-BgTx  (1  pM)  was 
more  pronounced  than  the  reduction  of  sEPSCs.  The  slice  medium  contains  a- 
conotoxin  AulB  (1  pM),  DHBE  (10  pM),  atropine  sulfate  (0.5  pM),  D-AP5 
(50pM),  SCH5091 1  (10  pM),  and  LY  3414953  (3  pM).  D:  Group  data  showing 
the  effect  of  a-BgTx  on  the  frequency  of  siPSCs  (n  =  4 ,*P<  0.05)  and  sEPSCs 
(n  =  4,  P  >  0.05). 
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Discussion 


This  study  demonstrated  the  presence  of  functional  a7-nAChRs  on  somatic  or 
somatodendritic  regions  of  electrophysiologically-identified  intemeurons  in  the  BLA. 
Activation  of  <X7-nAChRs  by  choline  directly  depolarized  intemeurons  and  elicited  action 
potentials.  In  addition,  a7-nAChR  activation  increased  the  frequency  of  sEPSCs  recorded 
from  intemeurons,  probably  due  to  ci7-nAChR-mediated  depolarization  of  principal  — 
glutamatergic  -  neurons  and/or  presynaptic  facilitation  of  glutamate  release.  The  increase 
in  intemeuronal  activity  by  ct7-nAChR  activation  produced  a  dramatic  increase  in  the 
frequency  and  amplitude  of  GABAa  receptor-mediated  sIPSCs  recorded  from  BLA 
principal  cells.  Simultaneous  recordings  of  sIPSCs  and  sEPSCs  from  principal  neurons 
revealed  that  activation  of  (X7-nAChRs  by  choline  increases  both  types  of  currents,  but 
the  increase  of  the  inhibitory  currents  is  larger  than  the  increase  of  the  excitatory  currents. 
This  observation,  along  with  the  reduction  of  the  population  field  response  in  the 
presence  of  choline,  suggests  that  the  net  effect  of  017-nAChR  activation  in  the  BLA 
network  is  suppression  of  excitability.  This  function  of  (X7-nAChRs  appears  to  be  in 
effect  even  in  the  basal  state,  as  blockade  of  these  receptors  decreased  the  frequency  of 
sIPSCs. 

The  a  7  subunit  of  the  nicotinic  receptors  is  expressed  in  the  BLA  (298),  and 
functional  a7-nAChRs  are  present  on  somatodendritic  regions  of  principal  BLA  neurons 
(141).  However,  it  was  unknown  if  ci7-nAChRs  are  also  present  on  somatodendritic 
regions  of  BLA  intemeurons.  This  is  the  first  study  investigating  the  responses  of  BLA 
intemeurons  to  the  activation  of  a7-nAChRs  by  a  specific  agonist.  We  found  that  60%  of 
the  recorded  intemeurons  responded  with  a  fast-inactivating  current,  which  was  blocked 
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by  a-BgTx;  these  characteristics  are  typical  of  the  currents  mediated  by  homomeric  a7- 
nAChRs  (4;  139).  However,  the  remaining  intemeurons  displayed  a  slow  current,  which 
was  only  partly  sensitive  to  a-BgTx.  Since  this  current  was  activated  by  choline  in  the 
presence  of  antagonists  of  all  cholinergic  receptors  except  for  the  017-nAChRs,  it  was 
probably  mediated  by  017-nAChRs.  The  slow  kinetics  and  the  partial  resistance  to  a- 
BgTx  may  suggest  that  the  a7-nAChRs  mediating  this  current  are  not  homomeric.  A 
different  composition  and  stoichiometry  of  these  a7 -containing  receptors  may  be 
responsible  for  the  different  kinetics  and  pharmacology  of  the  currents  they  mediate.  For 
example,  the  a.i$2  subunit  combination  has  different  pharmacological  properties  and 
produces  currents  with  slower  kinetics  compared  to  the  homomeric  017-nAChRs  (1 39). 
The  presence  of  heteromeric  a7-containing  nicotinic  receptors  (a7p2  subunit 
combination)  has  been  demonstrated  in  rat  basal  forebrain  cholinergic  neurons  (1 59);  it  is 
possible,  therefore,  that  such  heteromeric  017-nAChRs  exist  also  in  other  brain  regions, 
including  the  BLA. 

In  regard  to  the  role  that  017-nAChRs  play  in  the  regulation  of  GABAergic  activity 
in  the  rat  BLA,  there  is  only  one  previous  study,  showing  that  017-nAChR  antagonists  did 
not  reduce  the  acetylcholine-induced  increase  in  the  frequency  of  sIPSCs  recorded  from 
BLA  principal  cells;  therefore,  it  was  suggested  that  017-nAChRs  may  not  participate  in 
the  regulation  of  inhibitory  activity  in  the  BLA  (298).  One  factor  that  may  have 
contributed  to  the  disparity  between  our  results  and  those  of  Zhu  et  al.  (2005)  could  be 
the  age  of  the  animals  used,  as  the  latter  study  was  performed  in  neonatal  rats  (P7-10), 
and,  at  least  in  hippocampal  intemeurons,  a7-nAChR-mediated  currents  increase  with 
age  (12).  A  more  likely  possibility,  however,  which  the  authors  (298)  suggested,  is  that 
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the  increase  in  sIPSCs  by  acetylcholine  (the  agonist  used  in  the  Zhu  et  al.  study)  was  not 
reduced  by  subsequent  application  of  specific  ct7-nAChR  antagonists  because  it  was 
sustained  only  by  non-a7  nicotinic  receptor  subtypes  that  are  slow  to  desensitize  (the  clj- 
nAChRs  were  already  desensitized).  This  explanation  for  the  divergent  conclusions 
regarding  the  importance  of  a,7-nAChRs  in  the  regulation  of  GABAergic  activity  in  the 
BLA,  is  consistent  with  the  present  results,  where  the  effect  of  the  specific  017-nAChR 
agonist,  choline,  on  the  sIPSCs  did  not  last  for  more  than  1  to  2  min,  which  probably 
reflects  the  fast  desensitization  of  the  017-nAChRs. 

What  are  the  functional  implications  of  the  involvement  of  the  a7-nAChRs  in  the 
regulation  of  GABAergic  activity  in  the  BLA?  Like  the  a7-nAChRs  on  hippocampal 
intemeurons  (13),  the  a7-nAChRs  in  the  BLA  appear  to  be  active  in  the  basal  state, 
preferentially  increasing  inhibitory  activity.  Therefore,  even  without  significant  activation 
of  the  cholinergic  inputs  to  the  amygdala  above  the  basal  level,  these  receptors  may 
participate  in  the  regulation  of  normal  amygdala  functions,  primarily  by  limiting 
excitation.  It  should  be  considered,  however,  that  since  017-nAChRs  are  present  on  both 
inhibitory  and  excitatory  BLA  neurons,  their  in  vivo  activation  in  the  functioning  BLA 
may  promote  either  excitatory  or  inhibitory  activity  depending  on  a  number  of  factors, 
such  as:  a)  the  concentration  of  acetylcholine  at  the  vicinity  of  ot7-nAChRs,  and  the 
temporal  pattern  of  its  increase,  which  may  differentially  affect  the  desensitization  of  0.7- 
nAChRs  on  principal  cells  versus  intemeurons,  b)  the  role  of  presynaptic  a7-nAChRs  on 
glutamatergic  terminals  (29;  128),  and  c)  possible  effects  of  other  concomitantly  acting 
neurotransmitters  and  neuromodulators  that  could  potentially  alter  the  neurons’  response 
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to  a,7-nAChR  stimulation.  Our  results  show  only  that  inhibition  is  favored  over  excitation 
when  aynAChRs  are  uniformly  activated  throughout  the  BLA  network. 

Relatively  uniform  activation  of  017-nAChRs  in  the  BLA  can  be  expected  during 
cigarette  smoking,  and  our  results  suggest  that  these  receptors  may,  in  part,  mediate  the 
anxiolytic  effects  of  nicotine.  On  an  acute  basis,  nicotine  is  known  to  have  anxiolytic  (32; 
52;  56;  1 33;  273)  and  antidepressant  effects  (116;  281).  The  amygdala,  and  the  BLA  in 
particular,  plays  a  central  role  in  anxiety  and  depression  (66;  67;  73;  81;  113;  152;  185). 
Our  results  suggest  that  the  Oj-nAChR-mediated  increase  in  GABAergic  activity  in  the 
BLA  may  be  one  of  the  mechanisms  by  which  nicotine  suppresses  BLA  excitability, 
thereby  reducing  anxiety  and  alleviating  depression.  This  view  receives  support  by  the 
finding  that  systemic  administration  of  an  (X7-nAChR  agonist,  in  mice,  has  anxiolytic 
effects  (88).  Because  of  the  pronounced  but  only  transient  increase  of  inhibitory  activity 
upon  activation  of  017-nAChRs,  followed  by  desensitization  of  the  receptor,  the  anxiolytic 
effect  of  nicotine  may  be  stronger  when  0t7-nAChRs  are  stimulated  in  an  intermittent 
fashion,  as  it  probably  occurs  during  cigarette  smoking.  Due  to  their  low  affinity  for 
nicotine  (86),  the  a,7-nAChRs  may  be  transiently  activated  only  during  the  peak  levels  of 
nicotine,  while  they  recover  from  desensitization  during  the  troughs. 

Considering  that  the  amygdala  is  a  seizure-prone  structure  with  an  important  role 
in  certain  forms  of  epilepsy  (20),  the  question  arises  as  to  whether  a,7-nAChRs,  by 
regulating  both  GABAergic  and  glutamatergic  activity  in  the  BLA,  play  a  significant  role 
in  seizure  generation  and/or  suppression.  An  involvement  of  the  a,7-nAChR  in  epilepsy  is 
suggested  by  the  association  of  juvenile  myoclonic  epilepsy  with  a  mutation  in  the  gene 
coding  for  the  0,7  subunit  (78).  In  addition,  systemic  administration  of  an  Oj-nAChR 
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agonist,  in  mice,  showed  anticonvulsant  potential  in  the  audiogenic  seizure  paradigm 
(88),  which  is  known  to  involve  the  amygdala  (85;  120).  This  finding,  along  with  the 
present  data  showing  a  preferential  increase  of  inhibitory  activity  in  the  BLA  by  0.7- 
nAChR  activation,  suggest  that  in  the  amygdala  these  receptors  may  contribute  to 
suppression  of  seizures. 

The  017-nAChRs  are  known  to  be  important  in  learning  and  memory  (37;  1 1 8; 

155;  242;  280),  including  memory  involving  the  amygdala  (1).  In  the  BLA  of 
Alzheimer’s  patients,  there  is  accumulation  of  B-amyloid  protein  in  GABAergic  and 
glutamatergic  neurons  (80),  which  interacts  and  forms  a  protein  complex  with  the  a-j- 
nAChRs  (75;  219);  the  resulting  inactivation  of  0t7-nAChRs  is  considered  to  be  important 
in  the  pathogenesis  of  Alzheimer’s  disease  (219).  Alzheimer’s  patients  display  impaired 
fear  conditioning  (112;  123)  -  a  form  of  fear-related  memory  -  as  well  as  increased  fear 
and  anxiety  (80;  87);  these  symptoms  may  be  related  to  the  inactivation  of  017-nAChRs 
by  B-amyloid  protein,  producing  hyperexcitability  in  the  BLA. 

The  involvement  of  a.7-nAChRs  in  the  regulation  of  GABAergic  inhibition  in  the 
BLA  may  also  have  implications  in  the  pathophysiology  of  schizophrenia.  The 
expression  and  function  of  <X7-nAChRs  is  reduced  in  schizophrenia  (2;  1 06;  1 68;  21 1). 
The  dysfunction  of  the  amygdala  in  schizophrenic  patients  (5;  33;  151)  and,  in  particular, 
the  abnormally  high  activation  of  the  amygdala  during  processing  of  stimuli  that  should 
not  evoke  fear  (111)  may  imply  dysregulation  of  inhibitory  activity  in  the  BLA,  which 
could  be  due,  in  part,  to  abnormalities  in  017-nAChR  function. 

In  conclusion,  we  demonstrated  that  (X7-nAChRs  are  expressed  on  somatic  and/or 
dendritic  regions  of  GABAergic  intemeurons  in  the  BLA,  and  that  activation  of  these 
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receptors  increases  GABAa  receptor-mediated  sIPSCs,  even  in  the  basal  state.  In 
addition,  we  showed  that  although  activation  of  «7-nAChRs  increases  both  sIPSCs  and 
sEPSCs,  the  net  effect  is  a  preferential  enhancement  of  inhibition.  The  presence  of 
functional  a?-nAChRs  on  GABAergic  intemeurons  in  the  BLA  may  suggest  a  site  for 
therapeutic  treatments  of  diseases  associated  with  amygdalar  hyperactivity. 
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